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Water is the primary carrier for herbicide applications; therefore, carrier water quality 
factors such as pH, hardness, temperature, or turbidity could be critical for influencing 
herbicide performance. Currently, there is no information on the effect of carrier water 
temperature on herbicides applied for weed control in agronomic crops. In previous 
research, carrier water pH or hardness was found to influence herbicide efficacy; 
however, the results were variable depending upon herbicides and weed species. The 
antagonism of coapplied agrochemicals on glyphosate efficacy were reported by previous 
researchers. In contrary, the enhancement of glyphosate efficacy was illustrated by water 
conditioning adjuvants such as ammonium sulfate (AMS). At present, dicamba or 2,4-D 
resistant crops have been developed and the newer formulation of dicamba or 2,4-D and 
their premixed formulation with glyphosate will be applied on these crop systems. 
Likewise, hydroxyphenylpyruvate dioxygenase (HPPD); or mesotrione, glufosinate, 
isoxaflutole (MGI) resistant soybeans are being developed which will allow the use of 
mesotrione herbicide. Gaining knowledge on effect of carrier water quality will help for 
optimizing spray solution for herbicide application on herbicide resistant crops that will 
   xiii 
 
be available in the near future. Therefore, the objectives of this research were to evaluate 
the influence of water temperature, spray-solution holding duration, pH, hardness, 
coapplied foliar fertilizers, and water conditioning adjuvants on low volatility 
formulation of dicamba and its premix with glyphosate, 2,4-D choline and its premix 
with glyphosate, glufosinate, and mesotrione efficacy for problematic broadleaf weeds 
control. A series of field and greenhouse experiments were conducted to accomplish the 
research objectives. Herbicide spray solution storage time, ≤ 24 h after mixing herbicide, 
did not affect efficacy of premixture of dicamba plus glyphosate; 2,4-D choline; 
glufosinate; or mesotrione on giant ragweed (Ambrosia trifida L.), horseweed [(Conyza 
canadensis (L.) Cronq.], Palmer amaranth (Amaranthus palmeri S. Wats.), and pitted 
morningglory (Ipomoea lacunosa L.). When considering spray solution temperature, 
premixed dicamba plus glyphosate efficacy was reduced at 5 C compared with 22 or 39 
C. Horseweed, Palmer amaranth, and pitted morningglory control with 2,4-D choline was 
greater with spray-solution at 22 C compared with 5 C. Spray-solution at 5 C or 56 C 
negatively influenced glufosinate efficacy for horseweed or pitted morningglory control. 
Likewise, Palmer amaranth control was reduced at least 13% with spray-solution at 5 or 
56 C compared with 22 C for mesotrione application. There was no interaction of carrier 
water pH and hardness on 2,4-D choline or premixed dicamba plus glyphosate efficacy 
for weed control. The significant main effect of carrier water pH or hardness was 
observed on herbicide efficacy. Dicamba or 2,4-D, and their premixed with glyphosate; 
or glufosinate efficacy was reduced with carrier water at alkaline pH compared with 
acidic pH. While, mesotrione activity on horseweed was reduced with carrier water pH 4 
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or 9 compared with pH 6.5. Coapplied Zn foliar fertilizer reduced dicamba, premixed 
dicamba plus glyphosate, and mesotrione efficacy. Coapplied Mn foliar fertilizer reduced 
2,4-D choline and premixed 24-D choline plus glyphosate efficacy. While coapplied Zn 
or Mn fertilizer did not influence glufosinate efficacy compared to no foliar fertilizer. 
Dicamba and premixed dicamba plus glyphosate efficacy was improved with the addition 
of potassium phosphate dibasic (PPD). Addition of AMS resulted greater efficacy of 2,4-
D choline, premixed 2,4-D choline plus glyphosate, glufosinate, and mesotrione for giant 
ragweed, horseweed, and Palmer amaranth control. Carrier water hardness and water 
conditioning adjuvants did not have an interaction effect on herbicides efficacy, except 
for giant ragweed control with 2,4-D choline and its premixed formulation with 
glyphosate, and Palmer amaranth control with glufosinate. Increased carrier water 
hardness reduced herbicide efficacy in a linear trend for giant ragweed, horseweed, and 
Palmer amaranth control. Overall, the increased carrier water hardness from 0 to 1000 mg 
L-1 reduced herbicide efficacy at least 11%. Use of water conditioning adjuvants: DPP or 
AMS improved herbicide performances in the presence of hardness cations. The results 
of this research demonstrated that carrier water quality: temperature, pH, or hardness; 
coapplied foliar fertilizers; and water conditioning adjuvants influenced herbicide 
efficacy. Therefore, an optimum spray solution will be crucial for obtaining the greatest 
performance from herbicides applied on herbicide resistant crops in the near future. 





 LITERATURE REVIEW 
1.1. Water as a Carrier for Herbicide Application 
Weeds are of primary concern in the agriculture system because they compete 
with the main crop for resources, reduce yield, and result into significant economic loss. 
An assessment of worldwide yield losses of six major crops by pests illustrated that 
weeds have potential for the greatest yield loss (34%) compared to insect pests (18%), or 
pathogens (16%) (Oerke 2006). There are various methods such as biological, chemical, 
cultural, and physical/mechanical available for weed management. However, chemical 
weed control is adopted on a wider scale because herbicide applications are easy, 
effective, and economical. Moreover, there is an increase in adoption of herbicidal weed 
control for row crop production in developed and developing countries (Gianessi 2013). 
In the United States (US), herbicide was applied on 98% of the soybean planted acres in 
2012, and 97% of the corn planted acres in 2014 (USDA-NASS 2014). Herbicides are 
formulated as a concentrated product for ease of handling, transportation, and 
commercialization. The commercially formulated herbicide products need to be mixed 
with an appropriate carrier solvent for an effective field application. Water is the primary 
herbicide carrier solvent; while, in rare cases liquid urea-ammonium nitrate is used as 
carrier for postemergence (POST) herbicide application during spring in winter wheat 




Water is a primary carrier for herbicide application with the majority of the 
herbicide being applied with an aqueous carrier. Formulated herbicide products are mixed 
with carrier water and applied on targeted weed species at desired spray volume. As 
water is a critical component for herbicide application, water quality factors play an 
important role for optimum performance of the herbicide. Hardness, pH, turbidity, and 
spray volume are important aspects related to carrier water which can negatively 
influence herbicide efficacy for weed control (Buhler and Burnside 1983; Devkota et al. 
2016a; Stahlman and Phillips 1979). Likewise, temperature and solution storage duration 
are other aspects related to carrier water which could have a negative influence on 
herbicide efficacy (Devkota et al. 2016b). Herbicide carrier water can be obtained from 
aboveground or underground sources. Aboveground sources include water from streams, 
canals, ponds, lakes, and reservoirs; while, underground sources include water from 
shallow domestic wells or drilling from deep underground aquifers. Aboveground or 
underground water quality is highly variable in terms of pH, hardness, turbidity, and 
temperature depending upon the geographical location. This could result into variable 
performance of the applied herbicide. 
1.2. Carrier Water Temperature and Solution Storage Duration on Herbicide Efficacy 
Water hardness, pH, turbidity, and application volume are important aspects 
related to the herbicide carrier water, which affects herbicide efficacy. Similarly, water 
temperature could be an important aspect for influencing herbicide efficacy. Currently, 




efficacy. Beltran et al. (2000) reported that as water temperature increased from 22 to 50 
C, the rate of isoxaflutole degradation increased, and herbicide efficacy persisted for a 
shorter time period. Likewise, the efficacy of aquatic herbicides such as endothal and 
aquathal was reduced with the lower water temperature (Netherland et al. 2000). In 
agronomic production, herbicides are applied under a wide range of water temperature 
from 10 to 12 C (Bechert and Heckard 1966) to about 50 C during summer applications 
(Bill Johnson, personal communication). Since herbicides are applied on wide range of 
carrier water temperature, knowledge on the effect of spray water temperature on 
herbicide efficacy is imperative. Devkota et al. (2016b) reported reduced efficacy of 
premixed dicamba plus glyphosate formulation applied with carrier water at low 
temperature (5 C) compared with moderate temperature (22 or 39 C). 
The change in surface tension of water has been noted with the difference in water 
temperature. Spray droplet size as affected by spray solution temperature was evaluated 
by Downer et al (1998). These authors reported the decrease in droplet size as a result of 
decreased dynamic surface tension and viscosity with the increased liquid temperature. In 
another study by Miller and Tuck (2005), spray solution temperature and droplet size was 
evaluated and the result illustrated that mean droplet size or volume median diameter 
(VMD) was reduced with increase in temperature from 15 to 25 C while using a flat fan 
nozzle. Moreover, authors reported that the result was more dependent for larger sized 
nozzle. However, dynamic surface tension of the spray solution did not correlate with the 




decreased droplet size as the temperature differential (liquid temperature minus air 
temperature) increased with the use of NIS in the spray solution. 
Unforeseen weather condition such as high rainfall or wind and mechanical 
failure of the spray equipment during spraying might result on delaying of the spray 
activities and storing prepared spray solutions in the tank. Depending upon the situation, 
the spray-solution might have to be left in the spray tank from few hours to few days 
before application. Studies conducted by Eure et al. (2013a) suggested that the efficacy of 
peanut fungicides was not reduced by delayed spray application for 8 to 9 days after 
mixing. Likewise, the efficacy of PRE applied diclosulam, dimethenamid-P, flumioxazin, 
fomesafen, imazethapyr, pendimethalin, and S-metolachlor was not reduced on broadleaf 
signalgrass (Urochloa platyphylla (Nash) R.D. Webster), common lambsquarters 
(Chenopodium album L.), entireleaf morningglory (Ipomoea hederacea L.), and Palmer 
amaranth (Amaranthus palmeri S. Wats.) control (Eure et al. 2013b). Moreover, authors 
reported that all the herbicides showed enhanced control of entireleaf morningglory when 
spray-solution was stored for 9 days. The efficacy of POST applied dicamba plus 
diflufenzopyr, glufosinate, glyphosate, mesotrione plus atrazine, and nicosulfuron plus 
rimsulfuron on common ragweed (Ambrosia artemisiifolia L.), common lambsquarters, 
redroot pigweed (Amaranthus retroflexus L.), and velvetleaf (Abutilon theophrasti 
Medik.) was not affected by mixing 7 days prior to field application (Stewart et al. 2009). 
However, in the same study authors reported that PRE-applied isoxaflutole plus atrazine, 




had reduced control of velvetleaf when the spray-solution was prepared 3 days compared 
with 1 day prior to application.  
1.3. Carrier Water pH and Herbicide Efficacy 
The other important factor related with carrier water is pH which can affect 
herbicide performance. Water pH is defined as the amount of hydrogen ion (H+) or 
hydroxide ion (OH-) present in water. Based on H+ or OH- concentration water is labeled 
as acidic or alkaline and denoted on pH scale of 1 to 14, where 1 is the most acidic, 7 is 
neutral, and 14 is the most alkaline. If H+ concentration is higher than OH- then water is 
acidic (pH < 7); whereas, if OH- concentration is higher than H+ then water is alkaline 
(pH >7). Water pH varies greatly with the water source: type of aquifer and rock 
composition (Freeze and Cherry 1979). In the US, water pH ranges from 3 to 9, with 
most water source being alkaline (Deer and Beard 2001). In the Midwestern US, 
underground water is generally alkaline because of the presence of limestone aquifers 
(Ruppe and Ginn 2003). 
Previously conducted studies have illustrated the effect of water pH on herbicide 
efficacy (Altland 2010; Devkota et al. 2016a; Green and Cahill 2003; Sarmah and 
Sabadie 2002). Low or high water pH can negatively affect herbicide performance either 
by break down of the active molecule or reduced solubility of the herbicide (Deer and 
Beard 2001; Green and Cahill 2003). When mixed with alkaline water, the active 
component of weak acid herbicides, such as glyphosate and 2,4-D decomposed and had 




efficacy was reduced when applied in alkaline water as reported by Stahlman and Phillips 
(1979). Green and Hale (2005) reported that increasing pH above the pKa reduced weak 
acid herbicides penetration into the leaf cuticle and cell wall. In contrast, herbicide 
penetration was enhanced when herbicide carrier water pH was below the herbicide pKa. 
Water pH is also reported to have an effect on chemical stability of the herbicides (Green 
and Hale 2005). Deer and Beard (2001) reported shorter half-life of weak acid herbicides 
in alkaline solution, which illustrates that water pH has a potential to influence the 
persistence of an applied herbicide. 
Besides decomposition of weak acid herbicides, alkaline water increased binding 
of herbicide active compound with salt cations and formation of herbicide-cation 
complex in the solution (Altland 2010). This phenomenon greatly contributed to varying 
performance of glyphosate at different water pH. High water pH favored formation of 
glyphosate-cation complex by release of ionized glyphosate molecule; whereas low water 
pH decreased availability of ionized glyphosate molecule and lowered herbicide binding 
with cation (Hartzler and Owen 1994). Buhler and Burnside (1983) reported similar 
results, where addition of acidifying agents in well water increased glyphosate 
performance up to 30% compared to glyphosate used without acidifying agents. Authors 
also reported that the increased performance by addition of acidic agent with well water 
was because of the reduction of glyphosate-cation complex formation at lower water pH 
(Buhler and Burnside 1983). 
Effect of water pH on herbicide efficacy is reported to be highly variable 




that high water pH and presence of sodium lowered the efficacy of clethodim on wild 
oats (Avena fatua L.). Bridges (1989) reported that activity of sethoxydim on 
johnsongrass (Sorghum halepense (L.) Pers.) remained unaffected with pH ranges from 
3.5 to 6.5. In contrast, sethoxydim efficacy was influenced by spray-solution pH and 
cations (Nalewaja et al. 1994). Various studies have shown that lower water pH enhanced 
weak acid herbicide absorption in plant (Callow and Deveau 2010; Green and Cahill 
2003). In contrast to weak acid herbicides, sulfonylurea herbicides were more effective at 
higher water pH (Sarmah and Sabadie 2002) and less effective at lower water pH or 
acidic conditions (Altland 2010). Therefore, acidic or alkaline water has the potential to 
reduce herbicide performance depending upon herbicide chemistry and weed species. 
Without appropriate knowledge on the effect of water pH, effective weed control may not 
be achieved even with the herbicides applied at a labeled rate. 
1.4. Carrier Water Hardness and Herbicide Efficacy 
Water hardness is defined as the amount of cations present in water and is 
expressed as an equivalent of calcium carbonate (CaCO3). According to Durfor and 
Becker (1962), water with a cation concentration of >120 milligrams per liter (mg L-1) of 
CaCO3 is referred to as hard water. Water hardness is primarily dependent on the 
concentration of the cations such as Ca2+ and Mg2+. To a lesser extent, the presence of 
other polyvalent cations such as Zn2+, Fe2+, Mn2+, and aluminum (Al3+) can also 
contribute to the water hardness. Hard water cations are dissolved from parent rock 




West US, underground aquifers are comprised of limestone, resulting in high levels of 
calcium and magnesium (IDNR 1980). Therefore, in the Midwestern US, water used as 
an herbicide carrier often contains a high concentration of hard water cations which can 
influence herbicide efficacy. 
Various studies have been conducted to evaluate the influence of hard water 
cations on herbicide efficacy. Many of these studies have focused on the efficacy of 
glyphosate, a weak acid herbicide, mixed with carrier water consisting of calcium, 
magnesium, iron, zinc, and aluminum (Abouziena et al. 2009; Buhler and Burnside 1983; 
Hanson and Rieck 1976; Phillips 1975; Sandberg et al. 1978; Shilling and Haller 1989; 
Wills and McWhorter1985). These studies concluded that weed control efficacy of 
glyphosate is reduced when applied in the presence of hard water cations. Buhler and 
Burnside (1983) reported that glyphosate efficacy was reduced in the presence of 10 mM 
calcium chloride (CaCl2), magnesium sulfate (MgSO4), zinc sulfate (ZnSO4), and iron 
sulfate (FeSO4) in the spray-solution. Similarly, glyphosate mixed in spray-solutions 
containing 50 mg L-1 Ca2+ had reduced activity on wheat (Triticum aestivum L.) (Shea 
and Tupy 1984). 
Glyphosate applied with Ca2+ or Mg2+ at a concentration >250 mg L-1 had lower 
control of yellow nutsedge (Cyperus esculentus L.), broadleaf signalgrass, pitted 
morningglory (Ipomoea lacuonosa L.), and Palmer amaranth (Mueller et al. 2006). 
However, Wills (1973) concluded that glyphosate was more toxic to purple nutsedge 
(Cyperus rotundus L.) when applied with Ca2+, K+, Na+, and ammonium (NH4+), but the 




reported that increase in Zn2+ concentration reduced glyphosate translocation in yellow 
nutsedge. Glyphosate applied with Zn2+ at 500 to 2000 mg L-1 concentration had reduced 
yellow nutsedge control and resulted in higher number of tubers compared to glyphosate 
applied without Zn2+. Stahlman and Phillips (1979) evaluated the effect of several 
inorganic salts on the efficacy of glyphosate, suggesting that Fe2+ and Al3+ had the most 
severe effect; Ca2+ and Zn2+ had a severe effect; Mg2+ had a moderate effect; and K+ and 
Na+ had no effect on glyphosate efficacy. 
Hard water cations (Ca2+, Mg2+) and other cations (Zn2+, Mn2+, Al3+, Na+) bind 
with weak acid herbicides, and form a herbicide-salt complex, which inactivated the 
herbicides (Bailey et al. 2002; Nalewaja and Matysiak 1993; and Scroggs et al. 2009). 
Thelen et al. (1995) reported that Ca2+ and Mg2+ replaced isopropylamine from the 
glyphosate acid and formed an inactive salt complex with glyphosate. Because of the 
formation of an inactive herbicide-cation complex in hard water the herbicide active 
compound is delivered at a lower rate than the actual rate applied to the targeted weed 
species. The exposure of weed species to lower herbicide rates resulted in lower 
absorption and reduced translocation of the applied herbicides (Nalewaja and Matysiak 
1993; Stahlman and Phillips 1979; Thelen et al. 1995; and Wills and McWhorter 1985). 
Thelen et al. (1995) conducted a translocation study and concluded that Ca2+ present in 
the spray-solution lowered glyphosate absorption into the plant due to Ca2+ associating 
with the carboxylic group and phosphonate group present in the glyphosate. Similarly, 




complexation of active compound of glyphosate in spray deposit (Nalewaja and Matysiak 
1991). 
Similar to glyphosate, dicamba and 2,4-D are weak acid herbicides but their mode 
of action is stimulation of auxin synthesis (Peterson et al. 2016). Previously, studies 
conducted to evaluate auxin synthesis herbicides in respect to water quality reported 
cations present in the carrier water antagonized these herbicides (Nalewaja et al.1991; 
Roskamp et al. 2013; and Woznica et al. 2003). Reduced dicamba or 2,4-D efficacy on 
kochia has been reported with water at 400 to 800 mg L-1 of Ca2+ or Mg2+ (Nalewaja and 
Matysiak 1993; Nalewaja et al. 1991). Similarly, 2,4-D antagonized glyphosate toxicity 
on wheat when calcium chloride and ferric sulfate was added in the spray solution 
(Nalewaja and Matysiak 1992). Knowledge on the effect of water quality on dicamba and 
2,4-D efficacy is limited to only a few plant species such as common lambsquarters, 
green foxtail (Setaria viridis L.), kochia (Kochia scoparia L.), and redroot pigweed. 
Moreover, information on these weed species cannot be generalized to the other 
problematic weed species, such as giant ragweed (Ambrosia trifida L.), horseweed 
(Conyza Canadensis L.), morningglories (Ipomoea spp.), and Palmer amaranth.  
1.5. Interaction of Carrier Water pH and Hardness on Herbicide Efficacy 
Water quality is primarily defined by the presence of various cations and pH. As 
mentioned previously, the presence of cations, and water at acidic or alkaline pH is found 
to influence herbicide efficacy. However, there is limited information on studies 




on herbicide efficacy. Nalewaja et al. (1994) reported that the pH level determined the 
influence of Ca2+ and Na salts on efficacy of sethoxydim herbicide. At pH above 7, Ca2+ 
and Na+ reduced the phytotoxicity of sethoxydim herbicide on oat and yellow nutsedge. 
In addition, the phytotoxicity of sethoxydim was dependent not only on the spray-
solution pH but also on the nature of anions and cations present in the spray mixture. 
Anions and cations affected the spray droplet size and impacted herbicide absorption 
through the leaf. 
1.6. Herbicide Absorption and Translocation as Affected by Carrier Water pH and     
Hardness  
 Previously conducted studies have reported that water containing divalent cations 
have a negative effect on herbicide absorption into and translocation in the plant. 
Glyphosate absorption and translocation was reduced when evaluated with Zn2+, and the 
primary reason for this observation was attributed to the glyphosate-metal-complex 
formation (Abouziena et al. 2009; Hall et al. 2000; Nalewaja et al. 1992). Weak acid 
herbicides like glyphosate can act as a chelating agent and form stable metal complexes 
with divalent cations (Abouziena et al. 2009; Bernards et al. 2005b). The herbicide in the 
form of metal complex is less absorbed and translocated into the plant tissue because the 
herbicide-metal complex cannot penetrate through the epicuticular layer of the leaves 
(Thelen et al. 1995; Wills and McWhorter 1985). According to Abouziena et al. (2009), 
there was a sharp decrease in absorption and translocation of 14C-glyphosate and 




increased from 500 to 1000 mgL-1. Likewise, absorption and translocation of 14C-
glyphosate was reduced with Mn-lignin sulfate or Mn-sulfate (MnSO4) when applied in 
velvetleaf (Bernards et al. 2005a). In similar study, glyphosate translocation was reduced 
because of binding of active compound of glyphosate with calcium in the apoplast of 
velvetleaf (Hall et al. 2000). In other studies, when 14C-glyphosate was applied in a 
mixture with Ca2+, Mg2+, Zn2+, Fe2+, and Mn2+ the foliar absorption of glyphosate was 
reduced (Thelen et al. 1995; and Wills and McWhorter 1985). 
1.7. Effect of Foliar Fertilizers on Herbicide Efficacy 
In soybean production, boron (B), manganese (Mn), and Zinc (Zn) are available 
depending upon soil pH and nutrient status (Tisdale et al. 1993); therefore, deficiency of 
these micronutrients often results in limited growth and yield loss. To overcome 
micronutrient deficiency on soybean, growers might foliar apply micronutrients. Foliar 
application is much preferred over soil application because it requires a lower amount of 
micronutrient. Moreover, some micronutrient such as zinc when applied in soil can bind 
to the elemental calcium or magnesium ions and have lower availability (Taiz and Zeiger 
2002). The postemergence (POST) herbicide and foliar fertilizer application timings 
often coincide and applying these chemicals in a single application reduces cost and 
saves time. Therefore, co-applying POST herbicides with different foliar fertilizers is 
often practiced by the growers. Boron foliar fertilizer had no influence when coapplied 
with glyphosate on control of hemp sesbania (Sesbania herbacea (P. Mill.) McVaugh), 




crus-galli (L.) Beauv.), and johnsongrass (Sorghum halepense (L.) Pers.) (Scroggs et al. 
2005). However, there are studies highlighting the negative impact of coapplied Mn or 
Zn foliar fertilizers on herbicide efficacy. 
According to Bailey et al. (2002), activity of glyphosate was reduced on common 
lambsquarters, large crabgrass (Digitaria sanguinalis L.), morningglory spp., and smooth 
pigweed (Amaranthus hybridus L.) when applied tank-mixed with lignin or chelate 
formulation of Mn fertilizer. Glyphosate absorption and translocation was reduced on 
velvetleaf with the lignin or sulfate formulation of Mn fertilizer but remained unaffected 
with the EDTA formulation (Bernards et al. 2005). In addition, the authors reported that 
addition of ammonium sulfate on Mn fertilizer tank mixture with glyphosate enhanced 
absorption, translocation, and velvetleaf control. Chahal et al. (2012) reported that 
nutrisol fertilizer (consisting of 10% Ca or 8% Mg or 8% Zn) at 2.34 L ha-1 coapplied 
with glyphosate at 0.95 kg ha-1 resulted in reduced glyphosate efficacy. Glyphosate 
applied in combination with calcium, magnesium, or zinc had lower control of 
goosegrass (Eleusine indica L.), large crabgrass, Palmer amaranth, tall morningglory 
(Ipomoea purpurea L.), common ragweed, and common lambsquarters compared to 
glyphosate applied with deionized water. Similarly, glyphosate applied with manganese 
fertilizer: 6% Mn sulfate or 6% Mn EDTA, had lower control of velvetleaf and common 
waterhemp (Amaranthus tuberculatus L.) (Johnson et al. 2010). 
Effect of Zn2+ cation in the carrier water and its negative influence on glyphosate 
have been reported by Buhler and Burnside (1983) and Nalewaja and Matysiak (1991). In 




reduction of barnyardgrass, browntop millet (Urochloa ramosa (L.) Nguyen), and Palmer 
amaranth control (Scrogg et al. 2009). Similarly, glyphosate efficacy for yellow nutsedge 
control was reduced from 90% to 8% when coapplied with foliar fertilizer containing 
zinc sulfate (Abouziena et al. 2009). Additionally, authors reported that glyphosate 
absorption was reduced from 75% with Zn cations concentration at 1000 mgL-1. 
1.8. Herbicide Resistant Crops 
The first RoundupReady soybean (Glycine max L.) was introduced in 1996 which 
allowed glyphosate to be applied over the crop during the season. Subsequently, other 
RoundupReady crops such as corn, cotton, and grain sorghum were introduced in later 
years. After the introduction, RoundupReady crops were widely adopted by the growers 
which led to the continuous and wider acreage use of glyphosate. According to Young 
(2006) the use of glyphosate in the US increased from less than 3 million kg yr-1 prior 
1996 to about 30 million kg yr-1 by 2000. However, the wide scale use of glyphosate 
contributed to the development and spread of glyphosate resistant (GR) weeds (Duke and 
Powles 2008; Powles and Preston 2006). The first case of a weed evolving resistance in 
GR cropping system was horseweed (VanGessel 2001) and currently there are 32 weed 
species with confirmed resistance to glyphosate (Heap 2016). Weed species are still 
continuing to evolve resistance to glyphosate and possess a major challenge for weed 
control in crop production (Johnson et al. 2009). The species such as common ragweed, 
giant ragweed, horseweed, morningglory spp., pigweed spp., velvetleaf, waterhemp spp. 




Mid-western US. Most of these weed species have evolved resistant to glyphosate and 
crop growers have started using other herbicide chemistry for weed control. Moreover, 
premixing of herbicides with multiple modes of action has become a present norm for 
herbicide formulation and commercialization. 
There has been a significant progress for the development of soybean resistant to 
herbicides other than glyphosate. Currently, LibertyLink canola, corn (Zea mays L.), 
cotton (Gossypium hirsutum L.), and soybean are commercially available. The 
development of LibertyLink crop enabled the use of glufosinate over these crops; 
therefore, the use of this herbicide has increased on a wider acreage. At present, there 
have been a significant progress for developing 2,4-D and dicamba resistant soybeans 
and these crops are awaiting for regulatory approval. 2,4-D or dicamba resistant soybeans 
will likely be coupled with glyphosate or glufosinate resistant genes. Moreover, the 
newer formulation of 2,4-D or dicamba, and their premixed with glyphosate or 
glufosinate are being developed for 2,4-D and dicamba resistant crop systems. These 
newer herbicide formulations are awaiting the regulatory approval. On the similar note, 
HPPD and MGI (mesotrione, glufosinate, and isoxaflutole)-resistant crops are also on the 
research and development phase. HPPD or MGI-resistant crops will enable the use of 
mesotrione herbicide over the top of soybean.  
1.9. Summary of Literature Review 
Weeds are the primary pest for crop production and herbicide application is the 




weed growth stage, and environmental conditions are important consideration for 
herbicide application. However, herbicide carrier water quality is the foremost important 
consideration for herbicide efficacy. Water is the vital component for herbicide mixing 
and spraying, so appropriate water quality is required for an optimum efficacy from 
herbicide application. Herbicide carrier water is obtained from various above or 
underground sources and water quality differs upon geographical location and source. 
However, knowledge on the appropriate carrier water quality for a particular herbicide 
aids in adjusting water during herbicide mixing and application resulting in enhanced 
weed control. 
Acidity or alkalinity, hardness, turbidity, and temperature have been illustrated to 
be critical aspects related to carrier water for herbicide application. Some of these water 
quality parameters have been studied to gain knowledge with respect to glyphosate. Most 
of the water quality research on glyphosate indicated that alkaline pH and presence of 
hardness cations negatively influenced glyphosate efficacy. Likewise, POST herbicide 
and foliar fertilizer application timing often coincide and growers co-apply these agro-
chemicals. Co-applying glyphosate with zinc or manganese fertilizer has resulted into 
poor weed control. With the evolution and wide-spread infestation of glyphosate resistant 
weeds, POST-applied herbicidal weed management is likely to shift towards the use of 
other herbicide chemistries and their premixed formulation with glyphosate. Moreover, 
newer herbicide-resistant crop traits for have been developed and are expected to be 




The Roundup Ready 2 XtendTM and EnlistTM crop systems have been approved by 
United States Department of Agriculture. Roundup Xtend herbicide, a premixed 
formulation of dicamba plus glyphosate will be the registered product for Roundup 
Ready 2 XtendTM crop system. Likewise, Enlist DuoTM herbicide, which is a premixed 
formulation of 2,4-D choline plus glyphosate, will be the registered herbicide product for 
use on EnlistTM crop system. With the commercialization of dicamba and 2,4-D resistant 
crop there is potential for wider use of newer formulation of dicamba (a low volatility 
formulation) and 2,4-D choline (a low volatility formulation with choline salt), and their 
formulation with glyphosate in near future (Johnson et al. 2012). Glufosinate is primarily 
a contact herbicide which is applied as preplant burndown or POST over the transgenic 
glufosinate-resistant (LinertyLink®) crops. With the wide spread occurrence of 
glyphosate-resistant (GR) weeds, glufosinate based herbicide programs is a common 
practice at present recent years (Chahal and Johnson 2012; Craigmyle et al. 2013; Kaur et 
al 2014). MGI (mesotrione, glufosinate, and isoxaflutole) and HPPD resistant crops are 
on the development phase and will be commercialized in the future, which will allow the 
POST application of mesotrione soybean. Therefore, knowledge on the effect of spray 
water quality on dicamba, 2,4-D, and their premixed formulation with glyphosate, 
glufosinate, and HPPD herbicide is very important for maximizing herbicide efficacy.  
Carrier water quality is an important consideration for an optimal herbicide 
efficacy. Moreover, the knowledge on influence of carrier water quality and coapplied 
agrochemicals on glyphosate could not be generalized for other herbicide formulation. As 




varies with the specific herbicide chemistry, formulation, and weed species. There is a 
gap in knowledge on the influence of hard water cations on efficacy of 2,4-D or dicamba 
and their formulation with glyphosate, glufosinate, and HPPD herbicide for control of 
problematic weeds in agronomic system. With the expected increase in use of newer 
formulation of 2,4-D or dicamba plus glyphosate, glufosinate, and HPPD herbicide it is 
imperative to obtain knowledge on the influence of carrier water quality on the efficacy 
of these herbicides. The information on water quality for a specific herbicide will help 
growers to adjust the spray water at an appropriate condition. Therefore, the knowledge 
on influence of carrier water temperature, spray-solution holding duration, pH, hardness, 
coapplied agrochemicals, and water conditioning adjuvant will be critical in optimizing 
spray solution for managing problematic weeds.  
1.10. Research Objectives 
The overall objective of this research was to evaluate the effect of carrier water 
temperature and solution holding duration; pH; hardness; coapplied foliar fertilizers; and 
water conditioning adjuvants on the efficacy of newer formulations of 2,4-D; dicamba; 
premix formulation of 2,4-D or dicamba with glyphosate; glufosinate; and mesotrione 
efficacy for control of problematic broadleaf weeds of Indiana. The hypothesis for this 
research was that the variation in carrier water temperature, solution holding duration, 
pH, hardness, coapplied foliar, and water conditioning adjuvants negatively influences 
efficacy of 2,4-D, dicamba, premixed formulation of 2,4-D or dicamba with glyphosate, 
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 INFLUENCE OF SPRAY-SOLUTION TEMPERATURE AND 
HOLDING DURATION ON HERBICIDE EFFICACY 
2.1. Abstract 
Water is the primary carrier for herbicide application, and carrier-water-related 
factors can influence herbicide performance. In addition, spray solution temperature and 
storage time might influence herbicide efficacy. In greenhouse studies, premixed 
formulation of dicamba plus glyphosate, or 2,4-D choline was mixed in deionized (DI) 
water at 5, 18, 31, 44, or 57 C and applied immediately. In companion studies, premixed 
dicamba plus glyphosate; 2,4-D choline; glufosinate; or mesotrione was mixed in DI 
water at temperature of 5, 22, 39, or 56 C and sprayed after the herbicide solutions were 
left at the respective temperatures for 0, 6, or 24 h. In each study, herbicide was applied 
at 1/2 and 3/4th of field rates representing low and high rates. Dicamba plus glyphosate 
applied at both the rates provided at least 14 and 26% greater control of giant ragweed 
and pitted morningglory, respectively, with solution temperature at 31 C compared to 5 
C. Palmer amaranth control with 2,4-D choline at the low rate was at least 29% greater 
with 18 C compared to 5 C spray-solution temperature, and at least 22% greater at a high 
rate with 44 C compared to 57 C spray-solution temperature. Herbicide spray solution 
storage time (≤ 24 h after mixing herbicide) did not affect weed control with premixture 




solution temperature, dicamba plus glyphosate applied at low rate provided at least 13 
and 6% greater control of Palmer amaranth and pitted morningglory, respectively, with 
solution temperature at 22 C compared to 5 C. Likewise, giant ragweed control was at 
least 8% greater with solution temperature at 39 C compared to 5 C with both the rates of 
dicamba plus glyphosate formulation. Horseweed, Palmer amaranth, and pitted 
morningglory control with 2,4-D choline were at least 9, 9, and 10% greater, respectively, 
when applied with spray-solution temperature at 22 C compared to 5 C. Spray-solution at 
5 C or 56 C negatively influenced glufosinate efficacy for horseweed, or pitted 
morningglory control. Likewise, Palmer amaranth control was reduced at least 13% with 
5 or 56 C compared to 22 C spray-solution temperature when mesotrione was applied at a 
high rate. Therefore, activity of premixed dicamba plus glyphosate; 2,4-D choline; 
glufosinate; or mesotrione efficacy could be negatively affected with spray-solution at 
lower or higher temperature; however, the result is dependent on herbicide chemistry, 
rate, and weed species.  
 
2.2. Introduction 
Water is the predominant carrier solvent for most of the herbicide applications. 
Carrier water quality, which is determined by hardness, pH, and turbidity, varies 
depending upon the geographical locations and surface- and groundwater-sources (Freeze 
and Cherry 1979; Deer and Beard 2001). With this variation in carrier water quality, 
herbicide performance can be impacted (Nalewaja and Matysiak 1991; Stahlman and 




turbidity on herbicide performance for weed control (Buhler and Burnside 1983; Green 
and Hale 2005; Ramsdale et al. 2003). Therefore, carrier water without hardness cations, 
at appropriate pH levels, and applied at suitable volumes, were noted as critical 
considerations for herbicide performance. Additionally, spray-solution temperature and 
storage time may possibly be another water quality component to consider for herbicide 
application. 
Typically, groundwater temperature in the US can average from 3 C in northern 
states to 22 C in southern states, and in Indiana ranges from 11 to 14 C as we move from 
northern to southern part of the state (US EPA 2016). However, when we pump 
underground water and store it in the tank, the initial temperature adjusts over time to 
ambient air temperature. Herbicides are sprayed at different times of the year, from early 
spring through late fall, so spray-solution temperature is variable depending on weather. 
Herbicide carrier water is often stored in a tank where water equilibrates to ambient air 
temperature. Therefore, herbicides are applied at lower spray-solution temperature during 
early-spring and late-fall applications and warmer spray-solution temperature during late 
spring and summer months. Currently, knowledge on the herbicide performance at 
different solution temperatures and holding duration is limited, and this might, under 
certain circumstances, compromise weed control efficacy. When water is stored in the 
tank temperatures can range from about 4 C during early spring and late fall to 45 C 
during summer (Table A.1; Dr. William G. Johnson, personal communication). 
According to Beltran et al. (2000), the rate of isoxaflutole degradation is greatly 




to 22 C solution temperature. Likewise, the activity of aquatic herbicides such as diquat 
and endothal on curlyleaf pondweed (Potamogeton crispus L.) varied with change in 
water temperature (Netherland et al. 2000). Researchers reported that curly-leaf 
pondweed control was reduced with herbicide application at water temperature of < 18 C 
compared to 25 C. 
Herbicide applications are often temporarily postponed and herbicide solution is 
stored in the sprayer tank because of unfavorable weather conditions occurring after 
mixing herbicide. Moreover, duration for storing spray-solution could range from hours 
to days when waiting for suitable spray conditions. Postponing of application during high 
wind speed and potential rainfall is helpful in preventing herbicide drift and washing off 
of applied herbicide (Ellis and Griffin 2002). A study by Beltran et al. (2000) illustrated 
that solution temperature affected the persistence of isoxaflutole herbicide. Moreover, 
hydrolysis of isoxaflutole herbicide occurred in the aqueous solution (Lin et al. 2002). 
Ramezani et al. (2008) also reported that herbicides from imidazolinone family degraded 
naturally over time during storage in the spray-solution. Whereas, Eure et al. (2013) 
showed that PRE-applied diclosulam, dimethenamid-P, flumioxazin, fomesafen, 
imazethapyr, pendimethalin, and S-metolachlor activity on broadleaf signalgrass 
(Urochloa platyphylla (Nash) R.D. Webster), common lambsquarters (Chenopodium 
album L.), and Palmer amaranth (Amaranthus palmeri S. Wats.) was not affected when 
applying 9 days after mixing. Moreover, authors reported that these herbicides had 
greater activity on entireleaf morningglory (Ipomoea hederacea Jacq. var. integriuscula 




Newer, less volatile formulation of dicamba and 2,4-D have been developed and 
are premixed with glyphosate for use in dicamba- or 2,4-D-resistant crops. Dicamba and 
2,4-D resistant crops have been approved and are commercially available. Glufosinate-
resistant crop (LibertyLink crops) have been on the market from past several years. There 
has been research for development and commercialization of HPPD-resistant crops. With 
all these existing and future herbicide-resistant crop systems, the herbicides approved for 
these crop systems should be used effectively. In order to maximize efficacy from new 
formulations of 2,4-D or dicamba and their premixed with glyphosate; glufosinate; and 
HPPD herbicide application, there is a need to determine the effects of water quality on 
performance of these herbicides. As herbicides are applied under a wide range of spray-
solution temperatures, studies evaluating the effect of spray-solution temperature may be 
helpful in preventing adverse effects on herbicide efficacy. Additionally, this knowledge 
may lead to the new recommendations for mixing and applying herbicides with respect to 
spray-solution temperature. The primary objective of this research was to evaluate the 
effect of spray-solution temperature and holding duration on premixture of dicamba plus 
glyphosate; 2,4-D choline; glufosinate; and mesotrione efficacy on some tough to control 
broadleaf weed species in Indiana. Studies were conducted with the hypothesis that low 
and high spray-solution temperature, and prolonged holding of spray-solution, will 





2.3. Materials and Methods 
Greenhouse studies were conducted in fall 2012 and spring 2013 to evaluate the 
effect of spray-solution temperature on activity of premixed formulation of dicamba plus 
glyphosate (MON 76757: Monsanto Company, St. Louis, MO); and the newer low 
volatility 2,4-D formulation i.e. 2,4-D choline (GF-2654: 456 g ae L-1 formulation of 2,4-
D choline salt; Dow AgroSciences, Indianapolis, IN). MON 76757 consisted of 
diglycolamine (DGA) salt of dicamba (18.82%), monoethanolamine (MEA) salt of 
glyphosate (37.94%), surfactant (≤ 3%), and formulating ingredients (≤ 40.24%); and 
GF-2654 consisted of 2,4-D choline salt (56.28%), propylene glycol (5-10%), and 
formulating ingredients (< 40%). Additional greenhouse studies were conducted in spring 
and fall of 2013 to evaluate the effect of spray-solution temperature and holding duration 
on activity of premixed formulation of dicamba plus glyphosate; 2,4-D choline; 
glufosinate (Liberty®: Bayer CropSciences, Research Triangle Park, NC); and 
mesotrione (Callisto®: Syngenta Crop Protection, Greensboro, NC) efficacy. Liberty 
herbicide consists of glufosinate ammonium (24.5%), sodium alkyl ether sulphate 
(31.6%), 1-Methoxy-2-propanol (1%), and alkyl polysaccharide (9.8%); and callisto 
herbicide consists of mesotrione (40%) and other ingredients (60%). 
In both studies, giant ragweed, horseweed, Palmer amaranth, and pitted 
morningglory were used as bioassay species. Giant ragweed, horseweed, Palmer 
amaranth, and pitted morningglory seeds were planted for germination on 26 by 26 by 6 
cm3 poly flats in potting soil (Redi-Mix, Sun-Gro Redi- Earth Plug and Seedling Mix, 




transplanted into 164-cm3 cone containers (Ray Leach SC-10 Super Cell Cone-tainers, 
Stuewe & Sons, Tangent, OR) filled with potting soil. Transplants were watered daily 
and fertilized weekly (Miracle-Grot Water Soluble All Purpose Plant Food [24-8-16], 
Scotts Miracle-Gro Products Inc., Marysville, OH). Minimum and maximum 
temperatures in the greenhouse were maintained at 25 and 28 C, respectively, and plants 
were grown under a 16-h photoperiod regiment.  
2.3.1. Effect of Spray-Solution Temperature 
Carrier water temperatures were established at 5, 18, 31, 44, or 57 C, and 
herbicides were added at these water temperatures. Water temperature of 5 C was 
maintained by storing water in a refrigerator that was set at the required temperature. 
Cold water was added to water at room temperature (22 C) to achieve water temperature 
of 18 C. Water was heated in a beaker on a heating plate to maintain temperature of 31 or 
44 C. Likewise, water temperature at 57 C was maintained by heating water in a hot 
water bath. Water maintained at different temperatures was transported to spray chambers 
in a heat-insulated and sealed container to prevent fluctuation in spray-water 
temperatures. The herbicides were mixed in water set at appropriate temperatures and 
sprayed immediately after mixing. Premixed formulation of dicamba plus glyphosate was 
applied at two rates: 0.137 plus 0.275 (low rate) and 0.275 plus 0.55 kg ae ha-1 (high 





2.3.2. Effect of Spray-Solution Temperature and Holding Duration  
In this study, treatments consisted of two factor combinations: (1) spray-solution 
temperature and (2) spray-solution holding duration. Herbicides were mixed in water 
maintained at either 5, 22, 39, or 56 C; and herbicide solutions were stored for either 0, 6, 
or 24 h at the above mentioned temperatures. Water temperatures were maintained as 
mentioned in the previous study. Herbicide was mixed 24- and 6-h prior to the 
application in order to maintain respective spray-solution holding duration, but was 
mixed and sprayed immediately after mixing for 0-h holding duration. All the four 
herbicides were evaluated at two rates represented subsequently referred as low and high 
rates. Premixed formulation of dicamba plus glyphosate was applied at 0.137 plus 0.275 
(low rate) and 0.275 plus 0.55 kg ae ha-1 (high rate); 2,4-D choline was applied at 0.28 
(low rate) and 0.56 kg ae ha-1 (high rate); glufosinate was applied at 0.225 (low rate) and 
0.338 kg ai ha-1 (high rate); and mesotrione was applied at 0.052 (low rate) and 0.079 kg 
ai ha-1 (high rate). 
Treatments for both studies were applied at 6- to 8-cm rosette diameter of 
horseweed, 5- to 6-leaf stage of giant ragweed and pitted morningglory, and 8- to 12-leaf 
stage of Palmer amaranth. Treatments were applied with the use of a compressed air track 
sprayer calibrated to deliver 140 L ha-1 with a TeeJet 8002EVS nozzle (TeeJet 
Technologies, Spraying Systems Co.), at a spraying speed of 4.8 km h-1. In order to avoid 
herbicide antagonism with carrier water hardness, deionized (DI) water was used for 
mixing herbicide. Both the studies were conducted as a randomized complete block 




Data Collection and Statistical Analysis. Visually assessed percent control ratings were 
recorded on a 0 to 100 scale (where 0 is equals to no injury or similar to non-treated plant 
and 100 is equal to complete death of plant) at weekly intervals for 3 wk. Percent control 
data were recorded based on the symptoms such as yellowing, twisting, curling, 
callusing, and necrosis of treated plants compared to non-treated plants for growth 
regulator herbicides. Plant injury symptoms for glufosinate and mesotrione herbicides 
included chlorosis, necrosis, bleaching, and height reduction. Three weeks after treatment 
(WAT) plants were harvested above the soil surface and were placed in a 60 C forced-air 
drier for 1 wk. Dried plant shoots were weighed and dry-weight of each treatment was 
subtracted from dry-weight of untreated control, and converted to the percent dry-weight 
reduction compared to untreated control.  
Data were subjected to ANOVA with the use of PROC GLM in SAS version 9.3 
(SAS Institute Inc., Cary, NC 27513). In each study, each weed species and herbicides 
were analyzed separately. Data were tested for assumptions of ANOVA by confirming 
that residuals were random, homogeneous, and followed normality. Data from the spray-
solution temperature study did not require transformation. However, giant ragweed, 
Palmer amaranth, and pitted morningglory percent control and dry-weight reduction from 
spray-solution temperature and holding duration study required arcsine transformations 
for premixed dicamba plus glyphosate. Similarly, Palmer amaranth percent control and 
dry-weight reduction data were arcsine transformed for mesotrione. In both studies, there 
was no significant difference (α ≤ 0.05) between experimental runs; therefore, data were 




adjusted Tukey at α ≤ 0.05. For analysis, mean separation was based on the arcsine 
transformed data, but back-transformed data were presented for reporting results. 
Likewise, percent control data were recorded for 1 through 3 WAT; however, data were 
presented from 3 WAT because of similar weed control trends.   
2.4. Results and Discussion 
2.4.1. Effect of Spray-Solution Temperature 
Premixed dicamba plus glyphosate applied at low rate with spray-solution 
temperature of 5 C reduced giant ragweed control at least 14% compared to 31 or 44 C 
(Table 2.1). Similarly, there was a difference in pitted morningglory control from 
dicamba plus glyphosate applied at low rate with spray-solution temperature of 5 C 
compared to 31 C. Dicamba plus glyphosate provided 72% control of pitted 
morningglory at spray-solution temperature of 5 C compared to 98% control at spray-
solution temperature of 31 C. However, spray-solution temperature had no observed 
effect on premixed dicamba plus glyphosate applied at low rate for horseweed and 
Palmer amaranth control. 
Effect of spray-solution temperature on premixed dicamba plus glyphosate 
applied at high rate was similar to the results observed with low rate. Giant ragweed and 
pitted morningglory control from the premixture of dicamba plus glyphosate at high rate 
was reduced by low spray-solution temperature (Table 2.2). Giant ragweed control was at 




to 5 C. Likewise, pitted morningglory control increased at least 20% greater when 
dicamba plus glyphosate formulation was applied at spray-solution temperature of 44 or 
57 C compared to 5 C. Similar to the observation with low rate, there was no effect of 
spray-solution temperature on high rate of premixed dicamba plus glyphosate on 
horseweed and Palmer amaranth. 
There was an effect of spray-solution temperature for Palmer amaranth control 
with 2,4-D choline. When 2,4-D choline was applied at low rate, spray-solution 
temperature of 5 C reduced Palmer amaranth control to 56% compared to 85% at spray-
solution temperature of 18 C (Table 2.3). There was no difference in Palmer amaranth 
control at spray-solution temperature of 18 through 57 C. Unlike Palmer amaranth 
control, effect of spray-solution temperature was not observed on 2,4-D choline efficacy 
applied at low rate for giant ragweed, horseweed, and pitted morningglory control. 
Effect of spray-solution temperature was also observed on 2,4-D choline applied 
at high rate for Palmer amaranth control. Palmer amaranth control with 2,4-D choline 
applied at high rate was negatively influenced by high compared to medium spray-
solution temperature (Table 2.4). Palmer amaranth control was at least 18% greater with 
2,4-D choline applied at spray solution temperature 44 C compared to 56 C. However, 
spray-solution temperature had no observed effect on 2,4-D choline applied at high rate 
for giant ragweed, horseweed, and pitted morningglory control. These results were 
similar to the observations with 2,4-D choline applied at low rate. 
Giant ragweed and pitted morningglory control was reduced with low spray-




high rates. Likewise, Palmer amaranth control was reduced with 2,4-D choline applied at 
low and high rate at cold or warm spray-solution temperature, respectively. The result 
observed for giant ragweed and pitted morningglory control with premixed dicamba plus 
glyphosate; or Palmer amaranth control with 2,4-D choline did not corresponded to the 
percent dry-weight reduction (Tables 2.1, 2.2, 2.3, and 2.4). The reason for this 
observation might be that sub-lethal rates of growth regulator herbicides can induce tissue 
growth on treated plants, resulting in increased dry-weight. Other researchers have 
reported similar issues with callus growth and its influence on dry-weight when 
evaluating growth-regulator herbicides (Dowler 1969; Roskamp et al. 2013). Enloe et al. 
(1999) reported negative correlation between percent control and dry-weight in a study 
evaluating field bindweed (Convolvulus arvensis L.) control with quinclorac and 2,4-D. 
In all the studies mentioned above, authors published research results with emphasis on 
visually assessed percent control data. 
2.4.2. Effect of Spray-Solution Temperature and Holding Duration 
There was no significant interaction of spray-solution temperature and holding 
duration on premixed dicamba plus glyphosate, 2,4-D choline, glufosinate, or mesotrione 
evaluated at low and high rate for giant ragweed, horseweed, Palmer amaranth, or pitted 
morningglory control. Likewise, there was no effect of holding duration on efficacy of 
premixed dicamba plus glyphosate, 2,4-D choline, glufosinate, or mesotrione efficacy for 
giant ragweed, horseweed, Palmer amaranth, and pitted morningglory control (Table 2.5 




Stewart et al. (2009). The authors reported that efficacy of POST-applied glyphosate or 
dicamba was not affected by herbicide solution left for 0, 1, 3, or 7 d after mixing, for 
velvetleaf (Abutilon theophrasti Medik.), redroot pigweed (Amaranthus retroflexus L.), 
common ragweed (Ambrosia artemisiifolia L.), and common lambsquarters 
(Chenopodium album L.) control. Similar result was reported by Eure et al. (2013) where 
spraying herbicide solution 9 days after mixing did not affect the efficacy of POST-
applied atrazine, dicamba, glyphosate, glufosinate, imazethapyr, lactofen, and 2,4-D for 
Palmer amaranth control. 
2.4.2.1. Premixed Dicamba plus Glyphosate 
 There was a difference between low spray-solution temperature (5 C) compared 
to medium spray-solution temperatures (22 or 39 C) for activity of premixed dicamba 
plus glyphosate applied at low rate (Table 2.5). The difference was observed for giant 
ragweed, Palmer amaranth, and pitted morningglory control. Giant ragweed control was 
reduced at least 8% with premixture of dicamba plus glyphosate applied at spray-solution 
temperature of 5 C compared to 39 C. Similarly, Palmer amaranth control was reduced at 
least 13%, with dicamba plus glyphosate formulation applied at spray-solution 
temperature of 5 C compared to 22 C. Results observed with visually accessed control 
rating also corresponded with Palmer amaranth dry-weight reduction. Palmer amaranth 
dry-weight was lesser when dicamba plus glyphosate was applied at 22 C compared to 5 
C. Spray-solution temperature of 5 and 56 C negatively influenced pitted morningglory 




glyphosate control of pitted morningglory was reduced at least 6 or 7% by temperature 
extremes (5 or 56 C) evaluated in this study compared to 22 C. In contrast, there was no 
effect of spray-solution temperature on activity of premixed dicamba plus glyphosate for 
horseweed control. 
Dicamba plus glyphosate at high rate had a reduced effect on giant ragweed when 
applied with lower solution temperature (Table 2.6). Giant ragweed control was at least 
8% greater at spray-solution temperatures of 22 or 39 C compared to 5 C. Unlike the 
results observed with low rate of dicamba plus glyphosate formulation (Table 2.5), there 
was no effect of spray-solution temperature on Palmer amaranth and pitted morningglory 
control with application made at high rate (Table 2.6). This result could be attributed to 
the compensation of effect of spray-solution temperature on dicamba plus glyphosate 
formulation with the increased rate of herbicides. Nalewaja and Matysiak (1991) reported 
that glyphosate applied at a high rate overcame the effect of carrier water salts observed 
with glyphosate applied at low rate. Similarly, the effect of environmental factors such as 
soil moisture, irradiance, relative humidity, and temperature on glyphosate efficacy was 
mitigated with increased herbicide rate (Adkins et al. 1998).  
2.4.2.2. 2,4-D Choline 
 2,4-D choline applied at low rate was influenced by spray-solution temperature 
where the data averaged across experimental run and spray-solution holding duration 
illustrated that there was a difference between low (5 C) and medium (22 C) spray-




amaranth control. Horseweed control was reduced at least 9% at 5 C compared to 22 C 
spray-solution temperature. Similarly, Palmer amaranth control was reduced at least 9% 
at 5 C compared to 22 C spray-solution temperature. Effect of spray-solution temperature 
observed for percent control data did not correspond on dry-weight reduction data for 
horseweed or Palmer amaranth control with 2,4-D choline. Effect of spray-solution 
temperature on 2,4-D choline activity was variable among weed species. The effect of 
spray-solution temperature on 2,4-D choline was not observed for giant ragweed and 
pitted morningglory control. 
Activity of 2,4-D choline at high rate was reduced at high spray-solution 
temperature for Palmer amaranth, and at low spray-solution temperature for pitted 
morningglory control (Table 2.8). Palmer amaranth control with spray-solution 
temperature at 22 or 39 C was at least 14% greater compared to control with spray-
solution temperature at 56 C. There was also a similar result observed for dry-weight data 
where 2,4-D choline had lesser percent dry-weight reduction at 56 C compared to 22 C 
spray-solution temperature. Pitted morningglory control was reduced at least 10% at 5 C 
compared to 22 C spray-solution temperature. The result observed for pitted 
morningglory percent control did not translate into dry-weight reduction. Similar, to the 
effect observed with low rate, effect of spray-solution temperature on 2,4-D choline 
activity at high rate was dependent on weed species. There was no response of spray-






Efficacy of glufosinate applied at low rate was influenced by spray-solution 
temperature; however, the response was weed species dependent. There was a difference 
between high or low compared to medium spray-solution temperatures for horseweed or 
pitted morningglory control with glufosinate (Table 2.10). The difference in horseweed 
control with glufosinate was observed at spray-solution temperatures between 39 and 56 
C. Horseweed control with glufosinate was at least 11% greater when applied with spray-
solution temperature 39 C compared to 56 C. Likewise, horseweed dry-weight reduction 
was at least 21% when glufosinate was applied at spray-solution temperature at 39 C 
compared to 56 C. Glufosinate provided at least 7% greater control of pitted 
morningglory with spray-solution temperature of 22 or 39 C compared to 5 C. However, 
there was no observed difference in glufosinate efficacy for pitted morningglory dry-
weight reduction as affected by spray-solution temperature. Influence of spray-solution 
temperature on glufosinate activity was not observed on giant ragweed and Palmer 
amaranth control. 
Effect of spray-solution temperature was observed on glufosinate applied at high 
rate for horseweed and pitted morningglory control (Table 2.10). Horseweed control was 
reduced at least 8% with glufosinate applied at spray-solution temperature 5 C compared 
to 39 C. Likewise, horseweed dry-weight reduction was at least 15% with spray-solution 
temperature at 5 or 56 C compared to 39 C. Additionally, pitted morningglory control 
was at least 7% greater with spray-solution temperature 22 or 39 C compared to 5 C. 




was applied with spray-solution temperatures from 5 to 56 C. Similar to the result 
observed with low rate, effect of spray-solution temperature was not observed on 
glufosinate applied at high rate for giant ragweed and Palmer amaranth control.  
2.4.2.4. Mesotrione 
There was no effect of spray-solution temperature on mesotrione applied at low 
rate for control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, 
or pitted morningglory (Table 2.11). Additionally, effect of spray-solution temperature 
was not observed on mesotrione applied at high rate for control of giant ragweed, 
horseweed, and pitted morningglory control (Table 2.12). However, Palmer amaranth 
control was variable with mesotrione applied at high rate with different levels of spray-
solution temperatures. Palmer amaranth control was at least 13% greater with mesotrione 
applied on spray-solution temperature at 22 C compared to 5 or 56 C. Similarly, Palmer 
amaranth dry-weight reduction with mesotrione application was influenced by spray-
solution temperature. Palmer amaranth dry-weight reduction was at least 10% with 
mesotrione applied on spray-solution temperature at 22 C compared to 5 C. 
Current research suggests that if the spray conditions are not appropriate after 
mixing dicamba plus glyphosate formulation; 2,4-D choline; glufosinate; or mesotrione 
herbicide with spray water free of hard water cations, delaying spray application for 24 h 
does not compromise herbicide activity. However, in the presence of hard water cations 
the solution holding duration could have an influence on herbicide efficacy. As the time 




water cations to bind with herbicide molecule and form a salt complex which could affect 
the herbicide performance as reported by Nalewaja et al. (1994). Delaying herbicide 
spray solution may not be a concern for losing actual herbicide efficacy in the spray 
solution; but, could be a concern because of increase in weed size. Some weed species 
such as Palmer amaranth can grow up to 3.5 cm day-1 (Garvey 1999; Horak and Loughin 
2000), so delaying herbicide application for couple of days could result into taller plant 
than actual recommended spray height, thus loosing herbicide efficacy. Eure et al. (2013) 
reported that delayed application of atrazine, dicamba, glufosinate, glyphosate, 
imazethapyr, lactofen, and 2,4-D after mixing resulted on poor control of Palmer 
amaranth because of increase in size rather than herbicide molecules remaining in the 
solution for extended period of time. 
Cold (5 C) or warm (56 C) spray-solution temperature has a potential to 
negatively influence premixed formulation of dicamba plus glyphosate; 2,4-D choline; 
glufosinate; and mesotrione efficacy. However, the result is likely to vary with herbicide 
chemistry, rate, and weed species. In the current study, the effect of spray-solution 
temperature was not uniform across herbicide chemistry, rate, and weed species; 
however, this study provides some insight that colder or warmer spray-solution 
temperature does affect herbicide efficacy. Hoffman et al. (2011) reported that herbicide 
efficacy could be influenced with the change in physical property of spray solution rather 
than the change in herbicide chemistry/molecule as a result of difference in spray-
solution temperature. The surface tension and viscosity was decreased with an increase in 




as reported by Downer et al. (1998). Authors also reported that percent of driftable 
droplets (droplet size < 150 µm) increased from 13 to 23% with the increase in spray-
water temperature from 5 to 45 C. Similar results were reported by Miller and Tuck 
(2005) where increase in the water temperature decreased the spray droplet size. 
Previous studies have shown that spray water quality impact on herbicide efficacy 
is dependent on weed species. Roskamp et al. (2013) reported that 2,4-D applied with DI 
water or water consisting of calcium cations provided 85 and 9% control of common 
lambsquarters, respectively; however, there was no difference in horseweed control with 
those treatments. Likewise, Pline et al. (1999) and Nalewaja and Matysiak (1992) have 
reported variable response of weed species to adjuvants used with herbicides in order to 
overcome salt antagonism present in spray water. Weed species differ in leaf surface 
properties and plant structure which could affect the herbicide deposition, distribution, 
and uptake. Spray-solution and leaf surface structure type could have a collective effect 
on herbicide retention as reported by (Anderson et al. 1987). Likewise, Holloway et al. 
(2000) reported that spray deposition effect was greater on less wettable species (barley) 
compared to more wettable species (beans and peas) for retention of evaluated adjuvants. 
In conclusion, spray-solution temperature at 5 or 56 C showed that relatively cold 
or hot water has potential to reduce the efficacy of premixed dicamba plus glyphosate; 
2,4-D choline; glufosinate; and mesotrione efficacy for weed control. However, efficacy 
of these herbicides were not compromised when applied at spray-solution temperature ≥ 
18 and ≤ 44 C. Therefore, during early-spring or late-fall application, when spray water is 




herbicide spray water at 18 C or above for achieving maximum weed control from 
premixed dicamba plus glyphosate formulation, 2,4-D choline, glufosinate, and 
mesotrione. Moreover, a medium range (18 to 44 C) could be considered a general 
guideline for an optimum spray-solution temperature for herbicide application throughout 
the year. Although, spray-solution temperature is unlikely to reach about 56 C, spray-
solution could be tested during herbicide application at mid- or late-summer to ensure for 
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Table 2.1 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
premixed dicamba plus glyphosate applied at 0.137 plus 0.275 kg ae ha-1, respectively, as affected by spray-solution temperature at 
3 wk after treatment (WAT).a 
Spray-solution 
temperature 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Controlb 
Dry-weight 
reductionc  Control 
Dry-weight 
reduction  Control 
Dry-weight 




5  61 b 31 a    63 a 21 a    82 a 49 a     72 b 33 a 
18  64 ab 29 a    66 a 29 a    89 a 22 a     81 ab 38 a 
31  75 a 39 a    65 a 27 a    71 a 33 a     98 a 44 a 
44  76 a 30 a    64 a 23 a    76 a 36 a     92 ab 44 a 
57  69 ab 40 a    65 a 29 a    80 a 58 a     80 ab 40 a 
a Data were pooled over two experimental runs for the analysis.  
b Means within a column followed by the same letter are not different based on adjusted Tukey at α=0.05.                      
c Dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 








Table 2.2 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
premixed dicamba plus glyphosate applied at 0.275 plus 0.55 kg ae ha-1, respectively, as affected by spray-solution temperature at 
3 wk after treatment (WAT).a 
Spray-solution 
temperature 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Controlb 
Dry-weight 
reductionc  Control 
Dry-weight 
reduction  Control 
Dry-weight 




5 66 b 40 a  73 a 36 a  86 a 65 a  74 b 41 a 
18   79 ab 37 a  79 a 41 a  92 a 63 a    89 ab 49 a 
31 86 a 35 a  74 a 34 a  95 a 60 a    86 ab 47 a 
44   78 ab 41 a  79 a 39 a  96 a 60 a  94 a 55 a 
57   74 ab 44 a  80 a 39 a  90 a 63 a  95 a 47 a 
a Data were pooled over two experimental runs for the analysis.  
b Means within a column followed by the same letter are not different based on adjusted Tukey at α=0.05.                      
c Dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 











Table 2.3 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 




Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Controlb 
Dry-weight 
reductionc  Control 
Dry-weight 
reduction  Control 
Dry-weight 




5 85 a 44 a  72 a 46 a     56 b 35 a    95 a 50 a 
18 90 a 46 a  74 a 46 a     85 a 48 a    98 a 50 a 
31 83 a 44 a  75 a 47  a   81 ab 38 a  100 a 52 a 
44 84 a 44 a  73 a 45 a   76 ab 41 a  100 a 32 a 
57 79 a 49 a  78 a 44 a   64 ab 35 a    95 a 34 a 
a Data were pooled over two experimental runs for the analysis.  
b Means within a column followed by the same letter are not different based on adjusted Tukey at α=0.05.                      
c Dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 
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Table 2.4 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
2,4-D choline applied at 0.56 kg ae ha-1, as affected by spray-solution temperature at 3 wk after treatment (WAT).a  
Spray-solution 
temperature 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Controlb 
Dry-weight 
reductionc  Control 
Dry-weight 
reduction  Control 
Dry-weight 




5 88 a 48 a  79 a 46 a  84 ab 44 a    98 a 52 a 
18 98 a 45 a  79 a 49 a  87 ab 48 a  100 a 43 a 
31 95 a 50 a  83 a 51 a  86 ab 54 a    95 a 41 a 
44 89 a 48 a  81 a 45 a   94 a 54 a  100 a 48 a 
57 88 a 50 a  80 a 48 a   72 b 44 a  100 a 43 a 
a Data were pooled over two experimental runs for the analysis.  
b Means within a column followed by the same letter are not different based on adjusted Tukey at α=0.05.                      
c Dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 











Table 2.5 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
premixed dicamba plus glyphosate applied at 0.137 plus 0.275 kg ae ha-1, respectively, as affected by spray-solution temperature 
and holding duration at 3 wk after treatment (WAT).a 
Factors 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Controlb 
Dry-weight 
reductionc  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction 
Temperature (C) ─────────────────────────────%──────────────────────────── 
5 57 b 24 a  61 a 16 a  60 b 26 b  45 b 14 a 
22 62 ab 25 a  60 a 13 a  73 a 54 a  51 a 14 a 
39 65 a 26 a  59 a   8 a  62 ab 31 b  47 ab 13 a 
56 62 ab 27 a  60 a 13 a  66 ab 44 ab  44 b   3 a 
Holding duration (hr)           
0 61 a 38 a  63 a 21 a  61 a 39 a  51 a 13 a 
6 61 a 26 a  60 a   9 a  63 a 41 a  47 a 10 a 
24 63 a 20 a  57 b 15 a  71 a 42 a  43 a   5 a 
a Data were pooled over experiment run. Means within a column followed by the same letter are not different based on adjusted 
Tukey at α=0.05. 
b Mean separation on giant ragweed and pitted morningglory percent control and dry-weight reduction data are based on arcsine 
transformation. 
c Dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 




Table 2.6 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
premixed dicamba plus glyphosate applied at 0.275 plus 0.55 kg ae ha-1, respectively, as affected by spray-solution temperature 
and holding duration at 3 wk after treatment (WAT).a 
Factors 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Controlb 
Dry-weight 
reductionc  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction 
Temperature (C) ─────────────────────────────%──────────────────────────── 
5  63 b   22 a  72 a 29 a  92 a 66 a   58 a   13 a 
22  71 a   22 a  72 a 25 a  93 a 67 a   57 a   17 a 
39  72 a   23 a  71 a 26 a  90 a 64 a   59 a   15 a 
56  68 ab   17 a  73 a 28 a  89 a 64 a   58 a   18 a 
Holding duration (hr)e            
0  69 a   24 a  75 a 32 a  87 a  59 a   59 a   15 a 
6  69 a   21 a  73 a 27 a  91 a 66 a   57 a   14 a 
24  70 a   17 a  68 a 21 a  96 a 68 a   57 a   18 a 
a Data were pooled over experiment run. Means within a column followed by the same letter are not different based on adjusted 
Tukey at α=0.05. 
b Mean separation on giant ragweed and Palmer amaranth percent control and dry-weight reduction data are based on arcsine 
transformation. 
c Dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 




Table 2.7 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
2,4-D choline applied at 0.28 kg ae ha-1 as affected by spray-solution temperature and holding duration at 3 wk after treatment 
(WAT).a 
Factors 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Control 
Dry-weight 
reductionb  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction 
Temperature (C) ─────────────────────────────%─────────────────────────── 
5 66 a 26 a  53 b 55 a  55 b 38 a  75 a 45 a 
22 64 a 28 a  62 a 56 a  64 a 47 a  77 a 40 a 
39 65 a 24 a    57 ab 51 a    60 ab 41 a  78 a 38 a 
56 64 a 31 a    59 ab 53 a    57 ab 44 a  75 a 37 a 
Holding duration (hr)            
0 67 a 27 a  59 a 55 a  61 a 43 a  75 a 41 a 
6 65 a 28 a  58 a 53 a  60 a 42 a  74 a 38 a 
24 63 a 26 a  57 a 51 a  56 a 43 a  79 a 40 a 
a Data were pooled over experiment run. Means within a column followed by the same letter are not different based on adjusted 
Tukey at α=0.05. 
b Dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 







Table 2.8 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
2,4-D choline applied at 0.56 kg ae ha-1 as affected by spray-solution temperature and holding duration at 3 wk after treatment 
(WAT).a 
Factors 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Control 
Dry-weight 
reductionb  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction 
Temperature (C) ──────────────────────────────%─────────────────────────── 
5 71 a 40 a  75 a 63 a  88 ab 63 ab  78 b 41 a 
22 76 a 39 a  77 a 63 a   92 a 65 a  88 a 39 a 
39 76 a 40 a  77 a 64 a      91 a 63 ab  86 ab 37 a 
56 79 a 45 a  75 a 61 a   77 b 56 b  81 ab 40 a 
Holding duration (hr)            
0 74 a 42 a  76 a 65 a  83 a 60 a  85 a 39 a 
6 79 a 40 a  75 a 61 a  86 a 60 a  82 a 38 a 
24 75 a 41 a  79 a 64 a  91 a 64 a  83 a 39 a 
a Data were pooled over experiment run. Means within a column followed by the same letter are not different based on adjusted 
Tukey at α=0.05. 
b Dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 







Table 2.9 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
glufosinate applied at 0.225 kg ai ha-1, as affected by spray-solution temperature and holding duration at 3 wk after treatment 
(WAT).a 
Factors 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Control 
Dry-weight 
reductionb  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction 
Temperature (C) ─────────────────────────────%──────────────────────────── 
5  70 a  44 a  43 ab 35 ab     46 a  47 a   42 b   31 a 
22  71 a  44 a  47 ab 38 ab     52 a  43 a   50 a   37 a 
39  74 a  49 a  51 a 49 a     36 a  34 a   49 a   34 a 
56  73 a  49 a  40 b 28 b     49 a  53 a   46 ab   33 a 
Holding duration (hr)            
0  73 a  49 a  48 a 41 a     38 a  35 a   48 a   40 a 
6  70 a  45 a  43 a 35 a     47 a  47 a   46 a   28 a 
24  72 a  44 a  46 a 32 a     52 a  51 a   46 a   33 a 
a Data were pooled over experiment run. Means within a column followed by the same letter are not different based on adjusted 
Tukey at α=0.05. 
b dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 






Table 2.10 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
glufosinate applied at 0.338 kg ai ha-1, as affected by spray-solution temperature and holding duration at 3 wk after treatment 
(WAT).a 
Factors 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Control 
Dry-weight 
reductionb  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction  Control 
Dry-weight 
reduction 
Temperature (C) ─────────────────────────────%──────────────────────────── 
5   82 a 63 a  50 b 12 b   57 a 66 a   48 b   43 a 
22   89 a 65 a  56 ab 15 ab   70 a 70 a   55 a   52 a 
39   84 a 63 a  58 a 27 a   62 a 67 a   56 a   46 a 
56   85 a 59 a  52 ab 10 b   61 a 74 a   52 ab   49 a 
Storage Duration (hr)            
0   86 a 63 a  53 a 15 a     62 a 71 a     53 a 49 a 
6   84 a 62 a  54 a 13 a     60 a 62 a     54 a 49 a 
24   85 a 61 a  56 a 18 a     64 a 74 a     53 a 43 a 
a Data were pooled over experiment run. Means within a column followed by the same letter are not different based on adjusted 
Tukey at α=0.05. 
b Dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 







Table 2.11 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
mesotrione applied at 0.052 kg ai ha-1, as affected by spray-solution temperature and holding duration at 3 wk after treatment 
(WAT).a 
Factors 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Control 
Dry-weight 
reductionb  Control 
Dry-weight 
reduction  Controlc 
Dry-weight 
reduction  Control 
Dry-weight 
reduction 
Temperature (C) ─────────────────────────────%──────────────────────────── 
5   51 a 75 a  15 a 45 a   24 a 46 a   79 a 83 a 
22   56 a 72 a  17 a 41 a   30 a 47 a   83 a 86 a 
39   54 a 73 a  18 a 43 a   27 a 43 a   81 a 85 a 
56   59 a 73 a  17 a 47 a   25 a 49 a   83 a 86 a 
Holding Duration (hr)           
0   56 a 73 a  18 a 45 a  27 a 51 a   83 a 84 a 
6   55 a 74 a  16 a 44 a  27 a 45 a   82 a 85 a 
24   54 a 72 a  17 a 42 a  25 a 43 a   79 a 84 a 
a Data were pooled over experiment run. Means within a column followed by the same letter are not different based on adjusted 
Tukey at α=0.05. 
b dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 
pitted morningglory were 0.85, 0.87, 1.34, and 1.11 g plant-1, respectively. 






Table 2.12 Percent control and dry-weight reduction of giant ragweed, horseweed, Palmer amaranth, and pitted morningglory with 
mesotrione applied at 0.079 kg ai ha-1, as affected by spray-solution temperature and holding duration at 3 wk after treatment 
(WAT).a 
Factors 
Giant ragweed  Horseweed  Palmer amaranth  Pitted morningglory 
Control 
Dry-weight 
reductionb  Control 
Dry-weight 
reduction  Controlc 
Dry-weight 
reduction  Control 
Dry-weight 
reduction 
Temperature (C) ─────────────────────────────%──────────────────────────── 
5  63 a 77 a  16 a 50 a    37 b 48 b  84 a  82a 
22  68 a 78 a  16 a 43 a    50 a 58 a  86 a  80 a 
39  73 a 79 a  17 a 50 a    43 ab 52 a  87 a  84 a 
56  66 a 78 a  13 a 49 a    36 b 56 a  84 a  82 a 
Holding duration (hr)           
0  66 a 78 a  16 a 44 a   44 a 56 a  86 a  82 a 
6  68 a 77 a  15 a 47 a   37 a 47 a  85 a  81 a 
24  68 a 78 a  16 a 48 a   43 a 57 a  85 a  83 a 
a Data were pooled over experiment run. Means within a column followed by the same letter are not different based on adjusted 
Tukey at α=0.05. 
b Dry-weight reduction percent was calculated by subtracting dry-weight of each temperature from untreated control and 
converting it to percent of untreated control. Mean dry-weights for untreated giant ragweed, horseweed, Palmer amaranth, and 
pitted morningglory were 0.88, 0.93, 1.53, and 0.92 g plant-1, respectively. 






CHAPTER 3. INFLUENCE OF CARRIER WATER PH AND HARDNESS ON 2,4-D 
CHOLINE AND PREMIXED DICAMBA PLUS GLYPHOSATE EFFICACY 
3.1. Abstract 
Herbicide carrier water contains various levels of pH and hardness depending 
upon the geographical location and source. Carrier water pH and presence of hardness 
cations might interact and influence herbicide efficacy for weed control. Field and 
greenhouse studies were conducted to evaluate the effect of carrier water pH and 
hardness on efficacy of 2,4-D choline and a premixed formulation of dicamba plus 
glyphosate. Treatments consisted of combinations of carrier water pH at 4, 6.5, or 9; and 
water hardness at 0 (deionized water), 400, or 800 mg L-1 of CaCO3 equivalent. There 
was no interaction between carrier water pH and hardness on premixed dicamba plus 
glyphosate or 2,4-D choline efficacy for weed control. However, significant main effects 
of carrier water pH or hardness was observed on efficacy of premixed dicamba plus 
glyphosate or 2,4-D choline. Premixed dicamba plus glyphosate efficacy was reduced 
with carrier water pH 4 compared to 9. In the field study, common ragweed, horseweed, 
common lambsquarters, or Palmer amaranth control was at least 7% greater when 
premixed dicamba plus glyphosate was applied with carrier water pH 4 compared to 9. 





morningglory control with premixed dicamba plus glyphosate in the greenhouse study. 
Premixed dicamba plus glyphosate efficacy on common ragweed, giant ragweed, or 
horseweed control was reduced by carrier water hardness ≥ 400 mg L-1. Likewise, carrier 
water hardness of 800 mg L-1 reduced common lambsquarters, Palmer amaranth, or pitted 
morningglory control at least 10% greater compared to DI water for premixed dicamba 
plus glyphosate application. Common ragweed or common lambsquarters control with 
2,4-D choline was at least 7% greater with carrier water pH 4 compared to 9 in the field 
study. Likewise, Palmer amaranth or horseweed control was at least 9% greater with 
water pH 4 compared to 9 in one of the study years. Similar to the result from the field 
study, there was difference in 2,4-D choline efficacy for giant ragweed, Palmer amaranth, 
or pitted morningglory control when applied at carrier water pH 4 compared to 9 in the 
greenhouse study. 2,4-D choline efficacy on common ragweed or horseweed control was 
reduced with carrier water hardness 400 or 800 mg L-1 in the field study. Likewise, the 
greenhouse study illustrated that giant ragweed or pitted morningglory control was at 
least 7% greater when 2,4-D choline was applied with DI water compared to ≥ 400 mg L-
1 water hardness. This research illustrates that carrier water pH or hardness is critical for 
2,4-D choline and premixed dicamba plus glyphosate application; therefore, carrier water 
should be at acidic pH and free of hardness cations for achieving optimum performance 








Herbicides are commercialized as formulated products and they have to be mixed with 
appropriate carrier solvent for field application. Water is the primary carrier solvent for 
herbicide application for weed control. Ground water is generally used for herbicide 
application because it is easy to access and cost effective. The mineral compositions of 
the bed rock and types of aquifer vary with the geographical location, resulting in 
variability of the underground water quality (Durfor and Becker 1964). Depending upon 
geographical location, carrier water quality such as pH (acidity or alkalinity) or hardness 
(the presence of cations such as Ca2+ and Mg2+) could be highly variable (Freeze and 
Cherry 1979). Herbicide carrier water pH in the United States (US) can range from 3 to 9 
(Deer and Beard 2001). In the Midwestern US, because of the limestone bedrock, 
underground water consists of higher hardness level (IDNR 1980). In Indiana, 
underground water ranges from 50 to 1250 mg L-1 for total hardness (IDNR 1999). The 
herbicide performance have been reported to be inconsistent with the variability in carrier 
water quality (Buhler and Burnside 1983; Nalewaja and Matysiak 1991). 
Carrier water at acidic or alkaline pH influenced sulfonylurea herbicides efficacy 
(Green and Cahill 2003; Sarmah and Sabadie 2002). According to Roskamp et al. 
(2013b) saflufenacil solubility was reduced with water at acidic pH; while, other 
researchers reported the hydrolysis of herbicide molecule at alkaline pH (Deer and Beard 
2001; Green and Cahill 2003; Stahlman and Phillips 1979). Green and Hale (2005) 





pH below the pKa. In contrary, efficacy of sulfonylurea herbicide was enhanced with 
alkaline compared to acidic carrier water pH (Sarmah and Sabadie 2002). 
Presence of hard water cations in underground water and their negative effect on 
herbicide efficacy were reported by the previous research studies (Buhler and Burnside 
1983; Mueller et al. 2006; Nalewaja and Matysiak 1991, 1993; Roskamp et al. 2013a; 
Zollinger et al. 2010). Negative effect of hard water cations on glyphosate efficacy were 
also reported by Abouziena et al. (2009) and Buhler and Burnside (1983). Glyphosate 
applied with spray solutions containing Ca2+ at 50 mg L-1 exhibited reduced activity on 
wheat (Triticum aestivum L.) (Shea and Tupy 1984). In the presence of Ca2+ or Mg2+ 
cations at a concentration >250 mg L-1 glyphosate efficacy was reduced (Mueller et al. 
2006). 
Protonation or deprotonation of the herbicide molecule is based on the pKa value. 
When spray solution pH is below pKa the herbicide molecule is protonated in the 
solution. The protonation of herbicide molecule may prevent salt complex formation with 
the presence of cations in the spray solution (Nalewaja et al. 1994). However, when pH is 
above pKa, deprotonation of herbicide molecule occurs and presence of mineral cations 
can form a herbicide-salt complex. Besides hydrolysis of weak acid herbicides, the 
alkaline water increases binding of herbicide molecule with salt cations and enhances 
formation of herbicide-cation complex (Altland 2010; Green and Cahill 2003). 
Sethoxydim efficacy on oat (Avena sativa L.) was reduced by spray-solution at alkaline 
pH and the presence of calcium or sodium cations (Nalewaja et al. 1994). In contrast, 





pH) because of the absence of minerals cations and lack of herbicide-salt complex 
formation (Wanamarta et al. 1989). Moreover, Nalewaja et al. (1994) reported that carrier 
water pH might not be a critical factor for influencing sethoxydim efficacy in the absence 
of hard water cations. 
Alkaline water pH favored the formation of glyphosate-cation complex by 
releasing ionized glyphosate molecule; whereas, acidic water pH decreased availability of 
ionized glyphosate molecule and lowered herbicide binding with cations (Hartzler and 
Owen 1994). Buhler and Burnside (1983) also reported the similar result, where addition 
of acidifying agents in well water increased glyphosate performance up to 30% compared 
to glyphosate used without acidifying agents. The authors also reported that increased 
performance by addition of acidic agent with well water was because of the reduction of 
glyphosate-cation complex formation at lower water pH. According to Thelen et al. 
(1995) Ca2+ cations replaced the isopropylamine salt from the glyphosate acid and 
formed inactive salt-complex with glyphosate anion and reduced glyphosate absorption 
into the plant. 
Carrier water quality as primarily determined by pH and hardness could be 
variable based upon geographical location. Moreover, depending upon herbicide 
chemistry there could be an interaction of carrier water pH and hardness on herbicide 
efficacy. The phytotoxicity of sethoxydim or glyphosate was dependent not only on the 
spray-solution pH but also on the nature of anions and cations present in the spray 
mixture. However, there is no research evaluating the interaction effect of carrier water 





research was conducted with an objective to evaluate the potential interaction of carrier 
water pH and hardness on newer formulation of 2,4-D (a choline salt formulation of 2,4-
D choline) and premixed formulation of low volatility dicamba plus glyphosate for weed 
control.   
3.3. Materials and Methods 
3.3.1. Field Study 
Fallow ground studies were conducted in summer 2013 and 2014 and four weed 
species were evaluated at different sites. Common ragweed (Ambrosia artemisiifolia L.) 
site was Southeast Purdue Agricultural Center, IN where the soil type was a Clermont silt 
loam with 1.5% organic matter and pH 6.3. In 2013, the horseweed (Conyza canadensis 
(L.) Cronq.) site was at Thockmorton-Purdue Agricultural Center, IN where the soil type 
was a Toronto-Milbrook silt loam with 2.9% organic matter and pH 6.2. In 2014, 
horseweed was evaluated at the Purdue University Meigs farm near Romney, IN where 
the soil type was a Crosby-Miami silt loam with 2.9% organic matter and pH 6.9. A 
grower’s field near Twelve Mile, IN was the site for common lambsquarters 
(Chenopodium album L.) and Palmer amaranth (Amaranthus palmeri S. Wats.) for both 
years. The soil type at this site was a Bloomfield loamy sand with 1.9% organic matter 
and pH 6.5. Plant densities were 20 to 300 plants m-2 for common ragweed; 80 to 200 





plants m-2 for Palmer amaranth. Plant height ranged from 5- to 20-cm at treatments 
application. 
Treatments consisted of two-way factorial arrangements of carrier water pH and 
hardness. Carrier water pH was maintained at 4, 6.5, or 9 using organic pH buffer salts at 
0.1 M concentration in deionized water (DI). Potassium hydrogen phthalate salt (Acros 
Organics, Geel, Belgium); potassium phosphate monobasic salt (Potassium Phosphate 
Monobasic crystals, Avantor Performance Materials Inc., Phillipsburg, NJ); or Tris salt 
(Tris hydroxymethyl) aminomethane, Acros Organics, Geel, Belgium) were dissolved in 
deionized water to create water pH 4, 6.5, or 9, respectively. Additionally, each carrier 
water pH level was adjusted at 0, 400, or 800 mg L-1 hardness level (0 or 800 mg L-1 for 
evaluation of common lambsquarters and Palmer amaranth). Calcium (calcium chloride 
dihydrate, granular; Macron Fine Chemicals, Avantor Performance Materials, Inc., 
Center Valley, PA) and magnesium (magnesium sulfate anhydrous; Fisher Scientific, 
Pittsburgh, PA) was used in 3:1 ratio to adjust water hardness. Separate studies were 
conducted to evaluate the efficacy of premixed dicamba plus glyphosate (MON 76757; 
diglycolamine (DGA) salt of dicamba (18.82%), monoethanolamine (MEA) salt of 
glyphosate (37.94%), surfactant (≤ 3%), and formulating ingredients (≤ 40.24%), 
Monsanto Company, St. Louis, MO); and 2,4-D choline (GF-2654; 456 g ae L-1 
formulation of 2,4-D choline salt; Dow AgroSciences, Indianapolis, IN). Premixed 
dicamba plus glyphosate was used at 0.55 plus 1.11 kg ae ha-1, respectively, and 2,4-D 
choline was used at 0.84 kg ae ha-1. Treatments were applied using a CO2 pressurized 





Technologies, Spraying Systems Co.) with a spraying speed of 4.8 km hr-1. In addition, 
an untreated check was included for the treatments comparison. 
Data Collection and Statistical Analysis: Field studies were conducted as a randomized 
complete block design (RCBD) with 4 replications each year. Prior to the treatment 
application, 1 m-2 area was flagged within each plot and initial density of common 
ragweed, horseweed, common lambsquarters, and Palmer amaranth was recorded. After 
treatment application, visually assessed percent control was recorded on a 0 to 100 
percent scale (where 0 is equal to no injury or similar to untreated check and 100 is equal 
to complete death of plant) for 4 weeks after treatment (WAT). At 4 WAT, the number of 
live plants were recorded from the flagged area for final density counts and above ground 
plant biomass was harvested. Harvested plant samples were placed at 60 C in the forced 
air drier for 1 week and dry weight was recorded. Plant density was converted to percent 
density reduction of initial count and dry weight was converted to percent biomass 
reduction compared to untreated check.  
Data were analyzed separately for each herbicide by each species using PROC 
GLMMIX in SAS version 9.3 (SAS Institute Inc., Cary, NC). Data were checked for 
constant variance and normality using PROC UNIVARIATE, and data were transformed 
if needed. Percent control, percent density reduction, and percent biomass reduction data 
for all species and with both herbicide were arcsine square root transformed. If the effect 
of experiment run was significant at α ≤ 0.05, data were separated by year for further 





adjusted Tukey at α ≤ 0.05. Mean separation was based on the transformed data but back-
transformed means were presented for reporting results. 
3.3.2. Greenhouse Study 
Greenhouse studies were conducted during fall, 2013 and spring, 2014. Bioassay 
plants were established using potting medium (Redi-Mix, Sun-Gro Redi-Earth Plug and 
Seedling Mix, Sun-Gro Horticulture, Bellevue, WA). Giant ragweed (Ambrosia trifida 
L.), Palmer amaranth, and pitted morningglory (Ipomoea lacunosa L.) seeds were planted 
for germination on 26 x 26 x 6 cm3 poly-flats using potting medium. Seedling at 1- to 2-
true-leaf stage were transplanted in 164 cm3 cone-container (Ray Leach SC-10 Super Cell 
Cone-tainers, Stuewe & Sons, Tangent, OR) filled with potting medium. Transplants 
were watered daily and fertilized weekly [Miracle-Gro® Water Soluble All Purpose Plant 
Food (24-8-16), Scotts Miracle-Gro Products Inc., Marysville, OH]. Greenhouse was 
maintained with minimum and maximum temperatures of 25 and 28 C, respectively, and 
supplemental lighting was used to provide a 16-hr photoperiod. 
Treatments consisted of two-way factorial combinations of carrier water pH and 
hardness. Water pH was adjusted at 4, 6.5, or 9, and hardness levels were adjusted at 0, 
400, or 800 mg L-1 as mentioned in the field study. Herbicides were applied at the 
reduced rate. Premixed dicamba plus glyphosate was applied at 0.275 plus 0.55 kg ae ha-1 
, respectively; and 2,4-D choline was applied at 0.28 kg ae ha-1. In addition, an untreated 
check was included for the treatment comparison. Treatments were applied to 10- to 15-





morningglory. Treatments were applied using compressed air-track sprayer at 140 L ha-1 
with a TeeJet 8002EVS nozzle (TeeJet Technologies, Spraying Systems Co.) and a 
spraying speed of 4.8 km hr-1.  
Data Collection and Statistical Analysis: All studies were conducted as a RCBD with 4 
replications and repeated for a second experimental run. Data were collected for percent 
control and biomass reduction. Visual estimates for percent control were recorded for 3 
WAT and shoot biomass was harvested. Plant biomass was dried and dry weight was 
converted to percent biomass reduction compared to untreated check. Data were analyzed 
separately for each herbicide and weed species using PROC GLMMIX in SAS version 
9.3. There was no significant run effect; therefore, data were combined over experimental 
run for the analysis. Percent control and percent biomass reduction data were arcsine 
square root transformed and subjected to analysis of variance (ANOVA). Treatment 
means were separated using adjusted Tukey at α ≤ 0.05. Mean separation was based on 
the transformed data but back-transformed means were presented for reporting results. 
3.4. Results and Discussion 
There was no interaction of carrier water pH and hardness on premixed dicamba 
plus glyphosate or 2,4-D choline efficacy for weed control in the field or greenhouse 
experiments. Therefore, results and discussion are presented based on the mean 
separation of main factors. The field study results were different between years; 





3.4.1. Effect of Carrier Water pH and Hardness on Premixed Dicamba plus Glyphosate 
Field Study: Significant effect of carrier water pH or hardness was observed on premixed 
dicamba plus glyphosate efficacy for common ragweed control (Table 3.1). Premixed 
dicamba plus glyphosate provided greater control at carrier water pH 4 compared to 9 in 
2013. Likewise, the common ragweed control was greater at carrier water pH 4 compared 
to 6.5 or 9 for dicamba plus glyphosate application in 2014. The difference in common 
ragweed density reduction was observed between carrier water pH 4 or 6.5 compared to 9 
in 2014. The difference in plant density reduction was at least 7% with acidic carrier 
water pH compared to alkaline pH. Common ragweed control with premixed dicamba 
plus glyphosate was 7% greater with carrier water hardness 0 vs 400 vs 800 mg L-1. 
Similar result was observed among water hardness levels for common ragweed density 
reduction in 2014. Additionally, the difference was observed between carrier water 
hardness 0 compared to 800 mg L-1 for biomass reduction in 2014.  
The effect of carrier water pH was observed on premixed dicamba plus 
glyphosate efficacy for horseweed control. Horseweed control was at least 11% greater 
with dicamba plus glyphosate applied at water pH 4 compared to 9 (Table 3.1). Similar 
result was observed for horseweed density, where herbicide application at acidic pH 
resulted on greater reduction of plant density compared to application at alkaline pH. In 
2014, carrier water at acidic pH had greater effect compared to alkaline pH for plant 
biomass reduction. The difference in horseweed biomass reduction was at least 15% with 
water at acidic pH compared to alkaline pH. Carrier water hardness treatments showed 





difference in horseweed control was observed between water hardness at 0 or 400 
compared to 800 mg L-1 in 2013; while, the difference existed between 0 compared to 
400 or 800 mg L-1 in 2014. Premixed dicamba plus glyphosate applied horseweed density 
or biomass reduction was at least 9% with water hardness at 0 compared to 800 mg L-1 in 
both years. Likewise, there was difference between treatments with water hardness at 400 
compared to 800 mg L-1 for horseweed density and biomass reduction in 2014. 
Carrier water pH influenced premixed dicamba plus glyphosate efficacy for 
common lambsquarters control in both years. In 2013, common lambsquarters control 
with premixed dicamba plus glyphosate was greater at carrier water pH 4 compared to 9; 
while, the efficacy was greater at pH 4 or 6.5 compared to 9 in 2014 (Table 3.2). The 
difference in common lambsquarters control with dicamba plus glyphosate was at least 
9% greater with carrier water pH 4 compared to 9. The difference in common 
lambsquarters density reduction was observed between carrier water pH 4 or 6.5 
compared to 9 in 2013. There was an influence of carrier water hardness on common 
lambsquarters control with premixed dicamba plus glyphosate. The presence of carrier 
water hardness at 800 mg L-1 reduced common lambsquarters control at least 8% for 
dicamba plus glyphosate application. In 2013, there was a difference in common 
lambsquarters density reduction with water hardness at 800 mg L-1. Likewise, the 
difference in common lambsquarters biomass reduction was observed between treatments 
with DI water and 800 mg L-1 in 2014. 
The main effect of carrier water pH was significant on premixed dicamba plus 





resulted in greater control of Palmer amaranth at carrier water pH 4 compared to 9 in 
2013 (Table 3.2). In 2014, the Palmer amaranth control was greater at carrier water pH 4 
or 6.5 compared to 9. Overall, the Palmer amaranth control was at least 7% greater at 
acidic carrier water pH compared to alkaline pH. The difference between carrier water 
pH 4 compared to 9 was also observed for Palmer amaranth density or biomass reduction 
in both the years. The difference in plant density or biomass reductions was at least 23 or 
9%, respectively, with carrier water at acidic pH compared to alkaline pH. The presence 
of hard water cations reduced premixed dicamba plus glyphosate efficacy on Palmer 
amaranth. Carrier water hardness at 800 mg L-1 reduced dicamba plus glyphosate efficacy 
at least 9% for Palmer amaranth control. Similar result was observed for plant density or 
biomass reduction. Palmer amaranth density or biomass reduction was at least 14 or 9% 
when premixed dicamba plus glyphosate was applied with water hardness at 800 mg L-1. 
    
Greenhouse Study: Giant ragweed, Palmer amaranth, or pitted morningglory control 
with premixed dicamba plus glyphosate was variable with different levels of carrier water 
pH (Table 3.3). Giant ragweed and Palmer amaranth control with premixed dicamba plus 
glyphosate was at least 7% greater with carrier water pH 4 compared to 9. Likewise, 
pitted morningglory control was at least 7% greater with carrier water pH 4 or 6.5 
compared to 9. The difference of among water pH treatments was not observed for plant 
density and biomass reduction. Carrier water hardness influenced premixed dicamba plus 
glyphosate efficacy for giant ragweed, Palmer amaranth, or pitted morningglory control. 





400 mg L-1 or greater. Likewise, carrier water hardness at 800 mg L-1 reduced premixed 
dicamba plus glyphosate efficacy at least 15 or 9% for Palmer amaranth or pitted 
morningglory control, respectively. Giant ragweed, Palmer amaranth, and pitted 
morningglory biomass reduction were unaffected with premixed dicamba plus glyphosate 
as influenced by carrier water hardness.  
3.4.2. Effect of Carrier Water pH and Hardness on 2,4-D Choline 
Field Study: There was a significant effect of carrier water pH or hardness on 2,4-D 
choline efficacy for common ragweed control. In 2013, 2,4-D choline applied at carrier 
water pH 4 or 6.5 provided at least 7% greater control of common ragweed compared to 
water pH 9 (Table 3.4). Number of live plants were at least 16% greater when 2,4-D 
choline was applied with water pH 6.5 or 9 compared to 4. The difference in common 
ragweed biomass reduction was observed between carrier water pH 4 compared to 9, 
where acidic pH reduced biomass compared to alkaline pH. The difference in common 
ragweed control, plant density, or biomass reduction was observed with carrier water pH 
4 compared to 9 in 2014. Carrier water at acidic pH enhanced 2,4-D choline efficacy at 
least 7% for common ragweed control compared to water pH 9. The presence of hardness 
cations in the spray solution reduced common ragweed control with 2,4-D choline 
compared to without hardness cations. The presence of water hardness at 400 or 800 mg 
L-1 reduced common ragweed control with 2,4-D choline at least 7% for both the years. 





applied in the absence of hardness cations compared to the presence of hardness at 800 
mg L-1. Similar result was observed for common ragweed biomass reduction in 2014.  
Horseweed control with 2,4-D choline was different with varying levels of carrier 
water pH in 2014 (Table 3.4). Horseweed control with 2,4-D choline was at least 9% 
greater with carrier water pH 4 compared to 9. Similar results were observed for plant 
density reduction and biomass reduction. The difference in plant density or biomass 
reduction was at least 14 or 9%, respectively, with carrier water at acidic pH compared to 
alkaline pH. There was an influence of carrier water hardness on 2,4-D choline efficacy 
for horseweed control. In both years, horseweed control with 2,4-D choline differed at 
least 7% when applied without hardness compared to 400 or 800 mg L-1 hardness level. 
Likewise, the difference between absence and presence of water hardness was observed 
for horseweed density reduction in 2014 and biomass reduction in both years, where the 
presence of hard water cations reduced 2,4-D choline efficacy.  
Carrier water pH affected common lambsquarters control illustrating that 2,4-D 
choline provided greater control at water pH 4 compared to 9 (Table 3.5). In both years, 
common lambsquarters control was at least 8% greater with acidic carrier water 
compared to alkaline carrier water. In 2014, common lambsquarters biomass reduction 
was at least 33% with pH 4 compared to pH 9 for 2,4-D choline application. The effect of 
carrier water hardness on 2,4-D choline efficacy on common lambsquarters was observed 
in 2013, where control, plant density, or biomass reduction was at least 7% with the 





was no effect of carrier water hardness observed on 2,4-D choline efficacy for common 
lambsquarters control in 2014.  
In 2013, Palmer amaranth control with 2,4-D choline was influenced with the 
carrier water pH. 2,4-D choline applied at carrier water pH 4 controlled Palmer amaranth 
greater compared to pH 9 (Table 3.5). Similar results were observed for plant density and 
biomass reduction. Palmer amaranth control, plant density, or biomass reduction was at 
least 12, 22, or 18%, respectively, with 2,4-D choline applied at water pH 4 compared to 
9. In 2014, the effect of carrier water pH was not observed on 2,4-D choline applied 
Palmer amaranth control; however, the differences were noted for plant density or 
biomass reduction. Plant density or biomass reduction with 2,4-D choline at carrier water 
pH 4 or 6.5 were at least 9 or 9%, respectively, compared to pH 9. The effect of carrier 
water hardness on 2,4-D choline efficacy on Palmer amaranth was observed in 2013. The 
presence of hard water cations reduced 2,4-D choline efficacy for Palmer amaranth 
control, density, or biomass reduction at least 13, 22, or 20%, respectively.  
 
Greenhouse Study: Carrier water pH influenced 2,4-D choline efficacy for giant 
ragweed, Palmer amaranth, and pitted morningglory control (Table 3.6). 2,4-D choline 
controlled giant ragweed, Palmer amaranth, or pitted morningglory at least 8% greater 
when applied with carrier water pH 4 compared to 9. Likewise, the difference in giant 
ragweed or pitted morningglory control was observed with carrier water pH 6.5 
compared to 9, where alkaline pH negatively influenced 2,4-D choline efficacy. Carrier 





pitted morningglory control. There was a difference in giant ragweed or pitted 
morningglory control with 2,4-D choline applied with water hardness at 0, 400, or 800 
mg L-1. Palmer amaranth control was at least 16% greater without water hardness 
compared to water hardness at 800 mg L-1. Similar results were observed for giant 
ragweed, Palmer amaranth, or pitted morningglory biomass reduction. Plant biomass was 
lesser in the absence of hard water compared to water hardness at 800 mg L-1.  
There is limited information on the effect of spray solution pH on growth regulator 
herbicides. Woznica et al. (2003) reported that quinclorac efficacy did not increase when 
applied with solution at basic pH. Moreover, authors reported that the presence of 
mineral cations in solution with basic pH resulted on reduced quinclorac efficacy. The 
results of this study illustrated that 2,4-D choline efficacy was reduced with the presence 
of hardness cations in carrier water. These results correspond with the results from 
previous studies evaluating effect of hard water cations on 2,4-D amine (Nalewaja et al. 
1991, Patton et al. 2016; Roskamp et al. 2013a). Nalewaja et al. 1991 illustrated that 2,4-
D amine efficacy on kochia (Kochia scoparia (L.) Schrad.) was negatively affected with 
the presence of cations such as Ca2+, Mg2+, or Fe2+ in the spray water. Likewise, presence 
of Ca2+ or Mg2+ in the carrier water reduced 2,4-D amine efficacy on common 
lambsquarters control (Roskamp et al. 2013a). Patton et al. (2016) reported that broadleaf 
plantain (Plantago major L.) or dandelion (Taraxacum officinale G.H. Weber ex 






Currently, there is no information regarding effect of carrier water pH on dicamba 
efficacy. Research studies evaluating effect of carrier water pH on glyphosate concluded 
that glyphosate efficacy is greater at acidic water pH compared to alkaline pH (Shea and 
Tupy 1984; Stahlman and Philips 1979). Previous research studies have shown that 
dicamba or glyphosate efficacy is influenced by the presence of hard water cations in the 
spray solution. The presence of water hardness at 800 mg L-1 reduced dimethylamine 
dicamba efficacy at least 50% for kochia control (Nalewaja and Matysiak 1993). 
Likewise, efficacy of sodium salt of dicamba formulation was reduced 25% with the 
presence of water hardness at 800 mg L-1 ((Nalewaja and Matysiak 1993). Negative 
effect of mineral cations such as Ca2+, Mg2+, Zn2+, or Mn2+ on glyphosate efficacy has 
been reported by the previous researchers (Buhler and Burnside 1983; Pratt et al. 2003, 
Mueller et al. 2006). Palmer amaranth control was reduced with glyphosate applied at 
Ca2+ concentration of 250 mg L-1 (Mueller et al. 2006). Likewise, glyphosate efficacy 
was reduced at least 10% for broadleaf signalgrass (Urochloa platyphylla (Nash) R.D. 
Webster), Palmer amaranth, pitted morningglory, and yellow nutsedge (Cyperus 
esculentus L.) control when spray solution consisted Ca2+ concentration at >250 mg L-1. 
Negative effect of Mg2+ at a concentration of >250 mg L-1 was observed on Palmer 
amaranth, pitted morningglory, and yellow nutsedge (Mueller et al. 2006).  
The current studies illustrated that carrier water quality factors: pH or hardness 
have potential to influence efficacy of newer formulations of dicamba (premix of low 
volatility dicamba plus glyphosate) or 2,4-D (2,4-D choline) for weed control. Therefore, 





herbicides to achieve an optimum performance. Carrier water at alkaline pH or the 
presence of hard water cations negatively affected herbicide efficacy. Therefore, carrier 
water should be adjusted at acidic pH (about 4 to 6.5) and free of hardness cations for 
premixed dicamba plus glyphosate or 2,4-D choline application. Moreover, future 
research will be needed to evaluate the water conditioning agents for improving 2,4-D 
choline or premixed dicamba plus glyphosate efficacy from antagonistic effect of carrier 
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Table 3.1. Control, plant density, and biomass reduction of common ragweed and horseweed with premixed dicamba plus 
glyphosate applied at 0.55 plus 1.11 kg ae ha-1 as affected by carrier water pH and hardness at 4 WAT in the field study.a  
  Common ragweed  Horseweed 
Factors 









    2013d 2014     2013    2014   2013 2014  2013  2014  2013   2014  2013  2014 
  ─────────────────────────────────%─────────────────────────────── 
pH 4 83 a 88 a  96 a 88 a  93 a 85 a  89 a 78 a  70 a 63 a  78 a 53 a 
 6.5   82 ab 81 b  93 a 87 a  92 a 84 a  85 ab 71 ab  67 ab   44 ab  76 a 48 ab 
 9 77 b 79 b  91 a 80 b  90 a 82 a   78 b 62 b  64 b 34 b  74 a 38 b 
                   
Hardness 0 88 a 94 a  97 a 94 a  94 a 88 a  89 a 78 a  74 a 52 a  79 a  50 a 
 400 81 b 81 b  94 a 83 b  92 a 87 a  85 a 68 b  64 ab 50 a  76 ab 49 a 
 800 70 c 72 c  90 a 75 c  90 a 76 b  77 b 64 b  62 b 37 b  70 b 39 b 
a Data were arcsine square root transformed and separated by experimental year for the analysis.                        
b Plant density reduction was calculated by subtracting final density count of each treatment from initial density count and 
converting it to percent of the initial density count.  
c Biomass reduction was calculated by subtracting dry weight of each treatment from untreated control and converting it to percent 
of the untreated control.  







Table 3.2. Control, plant density, and biomass reduction of common lambsquarters and Palmer amaranth with premixed dicamba 
plus glyphosate applied at 0.55 plus 1.11 kg ae ha-1 as affected by carrier water pH and hardness at 4 WAT in the field study.a  
  Common lambsquarters  Palmer amaranth 
Factors 









     2013d 2014       2013    2014  2013 2014   2013  2014   2013 2014   2013  2014 
  ─────────────────────────────────%──────────────────────────────── 
pH 4 97 a 97 a  100 a  89 a  98 a 78 a  84 a 74 a  63 a 45 a  86 a 52 a 
 6.5   93 ab 95 a   98 a 88 a  97 a 75 a  77 ab 67 b    50 ab   33 ab    82 ab   45 ab 
 9 86 b 88 b  90 b 85 a  97 a 73 a  72 b 63 b  33 b 22 b  75 b 40 b 
                   
Hardness 0 97 a 96 a  100 a 89 a  98 a 80 a  83 a 74 a  61 a 42 a  86 a 49 a 
 800 87 b 88 b   90 b  87 a   96 a    71 b    72 b   62 b      31 b    28 b     76 b    40 b 
a Data were arcsine square root transformed and separated by experimental year for the analysis.                        
b Plant density reduction was calculated by subtracting final density count of each treatment from initial density count and 
converting it to percent of the initial density count.  
c Biomass reduction was calculated by subtracting dry weight of each treatment from untreated control and converting it to percent 
of the untreated control.  









Table 3.3. Control and biomass reduction of giant ragweed Palmer amaranth, and horseweed with premixed dicamba plus 
glyphosate applied at 0.275 plus 0.55 kg ae ha-1 as affected by carrier water pH and hardness at 3 WAT in the greenhouse study.a  
Factors 
 Giant ragweed  Palmer amaranth  Pitted morningglory 
 Controlb Biomass reductionc  Control Biomass reduction  Control Biomass reduction 
  ───────────────────────────%─────────────────────────────── 
pH 4 83 a 64 a  89 a 76 a  64 a 34 a 
 6.5 80 ab 61 a  83 ab 74 a  65 a 30 a 
 9 76 b 59 a  78 b 72 a  57 b 26 a 
          
Hardness 0 91 a 62 a  90 a 74 a  66 a 31 a 
 400 79 b 64 a  84 ab 75 a  61 ab 32 a 
 800 68 c 59 a  75 b 74 a  57 b 27 a 
a Data were arcsine square root transformed and separated by experimental year for the analysis.                        
b Means within a column and among each factor levels followed by the same letter are not different based on adjusted Tukey at 
α=0.05. 
c Biomass reduction was calculated by subtracting dry weight of each treatment from untreated control and converting it to percent 









Table 3.4. Control, plant density, and biomass reduction of common ragweed and horseweed with 2,4-D choline applied at 0.84 kg 
ae ha-1, as affected by carrier water pH and hardness at 4 WAT in the field study.a  
 
 











     2013d 2014        2013    2014  2013 2014   2013  2014   2013 2014   2013  2014 
  ─────────────────────────────────%──────────────────────────────── 
pH 4 52 a 82 a  34 a 65 a  72 a 89 a  60 a 64 a  17 a 29 a  44 a 53 a 
 6.5 53 a   80 ab  18 b 62 a    69 ab   80 ab  59 a   60 ab  10 a   24 ab    36 ab 52 a 
 9 45 b 75 b  13 b 52 b  63 b 73 b  55 a 55 b  7 a 15 b  34 b 44 b 
                   
Hardness 0 54 a 86 a  26 a 66 a  69 a 86 a  64 a 66 a  8 a 23 a  51 a 53 a 
 400 47 b 76 b    23 ab   62 ab  69 a   81 ab  57 b 57 b  5 a 21 a  32 b   50 ab 
 800 46 b 75 b  17 b 54 b  66 a 76 b  53 b 55 b  5 a 12 b  30 b 46 b 
a Data were arcsine square root transformed and separated by experimental year for the analysis.                        
b Plant density reduction was calculated by subtracting final density count of each treatment from initial density count and 
converting it to percent of the initial density count.  
c Biomass reduction was calculated by subtracting dry weight of each treatment from untreated control and converting it to percent 
of the untreated control.  







Table 3.5. Control, plant density, and biomass reduction of common lambsquarters and Palmer amaranth with 2,4-D choline 
applied at 0.84 kg ae ha-1, as affected by carrier water pH and hardness at 4 WAT in the field study.a  
  Common lambsquarters  Palmer amaranth 
Factors 









     2013d 2014        2013    2014  2013 2014   2013  2014   2013 2014   2013  2014 
  ─────────────────────────────────%────────────────────────────── 
pH 4 81 a 84 a  88 a 66 a  87 a 55 a  78 a 65 a  69 a 35 a  85 a 62 a 
 6.5   76 ab   82 ab  87 a 63 a  85 a   47 ab    72 ab 64 a    61 ab 33 a    78 ab 60 a 
 9 72 b 76 b  81 a 46 a  84 a 22 b  66 b 61 a  47 b 24 b  67 b 51 b 
                   
Hardness 0 85 a 83 a  63 a 86 a  89 a 41 a  79 a 65 a  69 a 34 a  87 a 58 a 
 800 68 b 78 a  49 b 84 a  82 b 40 a  66 b 61 a  47 b 27 a  67 b 56 a 
a Data were arcsine square root transformed and separated by experimental year for the analysis.                        
b Plant density reduction was calculated by subtracting final density count of each treatment from initial density count and 
converting it to percent of the initial density count.  
c Biomass reduction was calculated by subtracting dry weight of each treatment from untreated control and converting it to percent 
of the untreated control.  








Table 3.6. Control and biomass reduction of giant ragweed Palmer amaranth, and horseweed with 2,4-D choline applied at 0.28 kg 
ae ha-1, as affected by carrier water pH and hardness at 3 WAT in the greenhouse study.a  
Factors 
 Giant ragweed  Palmer amaranth  Pitted morningglory 
 Controlb Biomass reductionc  Control Biomass reduction  Control Biomass reduction 
  ──────────────────────────%────────────────────────────── 
pH 4 87 a 63 a  91 a 76 a  85 a 72 a 
 6.5 85 a 59 a    86 ab 75 a  82 a 69 ab 
 9 79 b 58 a  79 b 72 a  76 b 64 b 
          
Hardness 0 91 a 64 a  92 a 78 a  87 a 73 a 
 400 84 b 59 ab    87 ab 73 ab  79 b 69 ab 
 800 74 c 57 b  76 b 69 b  72 c 63 b 
a Data were arcsine square root transformed and separated by experimental year for the analysis.                        
b Means within a column and among each factor levels followed by the same letter are not different based on adjusted Tukey at 
α=0.05. 
c Biomass reduction was calculated by subtracting dry weight of each treatment from untreated control and converting it to percent 






CHAPTER 4. INFLUENCE OF CARRIER WATER PH, FOLIAR FERTILIZER, AND 
WATER CONDITIONING ADJUVANT ON HERBICIDE EFFICACY 
4.1. Abstract 
Carrier water pH, coapplied foliar fertilizer, and water conditioning adjuvants are 
critical considerations for optimum herbicide performance. Field studies were conducted 
to evaluate the effect of carrier water pH (4, 6.5, and 9); and zinc (Zn) or manganese 
(Mn) foliar fertilizer on premixed dicamba plus glyphosate; premixed 2,4-D choline plus 
glyphosate; glufosinate; and mesotrione efficacy for horseweed and Palmer amaranth 
control. Additionally, mesotrione efficacy as affected by carrier water pH and foliar 
fertilizer was evaluated on 7.5-, 12.5-, and 17.5-cm tall horseweed. In greenhouse study 
treatments consisted of carrier water pH (4, 6.5, and 9) and foliar fertilizer (Zn, Mn, or 
without fertilizer); in the presence or absence of water conditioning adjuvant for 
evaluating giant ragweed, horseweed, and Palmer amaranth control. Potassium phosphate 
dibasic (PPD) was used (at 0 or 2% v/v) for evaluating dicamba; and premixed dicamba 
plus glyphosate efficacy. While, ammonium sulfate (AMS) was used (0 or 2.5% v/v) as 
water conditioning adjuvant for evaluating 2,4-D choline; premixed 2,4-D choline plus 
glyphosate; glufosinate; and mesotrione efficacy. In 2014, premixed dicamba plus 
glyphosate; premixed 2,4-D choline plus glyphosate; and glufosinate efficacy was 





mesotrione activity on horseweed was reduced with carrier water pH 4 or 9 compared to 
pH 6.5. Mesotrione efficacy was greatly influenced by horseweed height. Percent control 
ranged from 96 to 99%, 75 to 89%, or 61 to 64% with mesotrione applied on 7.5-, 12.5-, 
or 17.5-cm tall horseweed, respectively, and results were similar for plant height and 
biomass reduction. In the field study, few significant differences occurred between 
coapplied Zn or Mn foliar fertilizer for any treatment variables, with the exception of 
reduced Palmer amaranth control with mesotrione coapplied with Zn compared to Mn 
fertilizer. In the greenhouse study, dicamba; premixed dicamba plus glyphosate; 2,4-D 
choline; premixed 2,4-D choline plus glyphosate; and glufosinate performed greater at 
acidic compared to alkaline carrier water pH. Coapplied Zn foliar fertilizer reduced 
dicamba, premixed dicamba plus glyphosate, and mesotrione efficacy at least 5%; 
coapplied Mn foliar fertilizer reduced 2,4-D choline and premixed 2,4-D choline plus 
glyphosate efficacy at least 5%; while, coapplied Zn or Mn fertilizer did not influence 
glufosinate efficacy compared to without foliar fertilizer. Dicamba and premixed 
dicamba plus glyphosate efficacy was enhanced at least 5% with the addition of PPD. 
Likewise, addition of AMS enhanced 2,4-D choline, premixed 2,4-D choline plus 
glyphosate, glufosinate, and mesotrione efficacy at least 6% for giant ragweed, 
horseweed, and Palmer amaranth control. Therefore, carrier water pH, coapplied foliar 
fertilizer, and water conditioning adjuvants has potential to influence herbicide 
performance; however, herbicide chemistry, and weed species could play a role in the 






Water quality as determined by water pH, hardness, turbidity, and temperature is 
variable depending upon the geographical location and source. With the variation of 
carrier water quality, there were reports of inconsistent herbicide performance (Buhler 
and Burnside 1983; Nalewaja and Matysiak 1991). Various studies reported the negative 
effect of water pH, hardness, turbidity, and temperature on herbicide efficacy (Altland 
2010; Buhler and Burnside 1983; Devkota et al. 2016; Green and Hale 2005; and 
Ramsdale et al. 2003). Therefore, water pH, hardness, turbidity, temprature are 
considered important aspects for herbicide performance.  
Herbicide carrier water pH in the US varies greatly based upon the underground 
aquifer and rock composition (Freeze and Cherry 1979), and pH ranges from 3 to 9 (Deer 
and Beard 2001). Moreover, carrier water pH is an important factor which can affect 
herbicide performance (Green and Cahill 2003; Sarmah and Sabadie 2002). Acidic or 
alkaline water pH can negatively influence herbicide performance by hydrolysis of the 
active molecule or affecting the solubility (Deer and Beard 2001; Green and Cahill 2003; 
Roskamp et al. 2013b). The active compound of weak acid herbicides, such as glyphosate 
and 2,4-D were hydrolyzed and had reduced activity for weed control when mixed with 
alkaline carrier water (Seaman and Riedl 1986; Stahlman and Phillips 1979). Green and 
Hale (2005) reported that carrier water pH below the pKa enhanced weak acid herbicide 
penetration into the leaf cuticle and cell wall. In contrary, efficacy of sulfonylurea 






Besides decomposition of weak acid herbicides, alkaline water increases binding 
of herbicide active compound with salt cations and formation of herbicide-cation 
complex in the solution (Altland 2010). High water pH favors formation of glyphosate-
cation complex by release of ionized glyphosate molecule; while, low water pH decreases 
availability of ionized glyphosate molecule and lowers herbicide binding with cation 
(Hartzler and Owen 1994). Buhler and Burnside (1983) also reported the similar results, 
where addition of acidifying agents in well water increased glyphosate performance up to 
30% compared to glyphosate used without acidifying agents. The Authors also reported 
that the increased performance by addition of acidic agent with well water was because of 
the reduction of glyphosate-cation complex formation at lower water pH. Effect of water 
pH on herbicide efficacy is reported to be highly variable depending upon the herbicide 
and weed species. Bridges (1989) reported that activity of sethoxydim on johnsongrass 
(Sorghum halepense (L.) Pers.) control remained unaffected with varying pH from 3.5 to 
6.5. In contrast, sethoxydim efficacy on oat (Avena sativa L.) was influenced by spray-
solution pH and cations as reported by Nalewaja et al. (1994). Therefore, depending upon 
herbicide chemistry acidic or alkaline carrier water can influence herbicide efficacy.  
In soybean production, growers often co-apply POST herbicides and foliar 
fertilizer because it is a convenient and economical practice. However, there are studies 
highlighting the negative impact of coapplied foliar fertilizers on herbicide efficacy. 
According to Bailey et al. (2002), activity of glyphosate was reduced on common 
lambsquarters (Chenopodium album L.), large crabgrass (Digitaria sanguinalis (L.) 





L.) when coapplied with chelate formulation of Mn fertilizer. Glyphosate absorption and 
translocation was reduced on velvetleaf (Abutilon theophrasti Medik) with the lignin or 
sulfate formulation of Mn fertilizer but remained unaffected with the EDTA formulation 
(Bernards et al. 2005b). Chahal et al. (2012) reported that nutrisol fertilizer (consist 10% 
Ca, 8% Mg, and 8% Zn) at 2.34 L ha-1 coapplied with glyphosate at 0.95 kg ha-1 reduced 
glyphosate efficacy. Similarly, glyphosate applied with manganese fertilizer: 6% Mn 
sulfate or 6% Mn EDTA, had lower control of velvetleaf and common waterhemp 
(Amaranthus tuberculatus L.) (Johnson et al. 2010). Effect of Zn2+ cation in the carrier 
water and its negative influence on glyphosate was reported by Buhler and Burnside 
(1983) and Nalewaja and Matysiak (1991). In greenhouse and field studies, glyphosate 
coapplied with zinc fertilizer had 43 to 59% reduction of barnyardgrass (Echinochloa 
crus-galli (L.) Beauv.), browntop millet (Urochloa ramosa (L.) Nguyen), and Palmer 
amaranth (Amaranthus palmeri S. Wats.) control (Scroggs et al. 2009). Similarly, 
glyphosate efficacy on yellow nutsedge (Cyperus esculentus L.) control was reduced 
from 90% to 8% when coapplied with foliar fertilizer containing zinc sulfate (Abouziena 
et al. 2009). 
Diammonium sulfate, commonly known as ammonium sulfate (AMS) is a water 
conditioning adjuvant which is widely used with weak acid herbicides application 
(Hartzler 2001). AMS is reported to prevent the antagonistic effect of hard water cations 
and improve efficacy of the weak acid herbicides (Nalewaja and Matysiak 1993; 
O’Sullivan et al. 1981). Zollinger et al. (2010) reported enhanced efficacy of tembotrione 





basis for AMS enhancement of herbicide is that the sulfate (SO42-) ion of AMS binded 
with cations such as Ca2+, Mg2+, K+, Na+ in water, and ammonium (NH4+) ion formed a 
complex with the herbicide molecule. Glyphosate activity was enhanced by the addition 
of AMS in spray water consisting of Ca2+ (Nalewaja and Matysiak 1991), and result was 
attributed to the increased glyphosate absorption through the leaf cuticle and cell 
membrane (Thelen et al. 1995). Although most of the research indicated AMS 
enhancement of glyphosate efficacy (Salisbury et al. 1991; Wills and McWhorter 1985; 
Young et al. 2003), there are some research studies which showed no benefit of added 
AMS on glyphosate (Nurse et al. 2008; Soltani et al. 2011). Addition of AMS also 
enhanced the efficacy of sethoxydim (Smith and Born 1992), and dicamba or 2,4-D 
(Roskamp et al. 2013a) herbicides; however, differential responses between weed species 
were noted. Similarly, variable results were observed on assay species with the use of 
AMS for glufosinate application (Maschhoff et al. 2000; Pline et al. 1999).  
The newer low volatility formulation of dicamba and its premixed formulation 
with glyphosate will be used for dicamba resistant soybean (Glycine max L.). The newer 
dicamba formulations will restrict the use of AMS because addition of N2 results in the 
formation of the volatile ammonium salt of dicamba. The dipotassium phosphate (DPP) 
is a new water conditioning adjuvant which could be a substitute for the newer 
formulation of dicamba and premixed dicamba plus glyphosate. DPP does not consist 
nitrogen compound and is lesser likely to volatilize dicamba than with AMS. Zollinger et 
al. (2016) evaluated the use of DPP with dicamba plus glyphosate and reported that DPP 





Plant height is an important factor that can influence the efficacy of POST-applied 
herbicides. Knezevic et al. (2009) reported that glyphosate tank-mixed with 
protoporphyrinogen oxidase (PPO) herbicides such as lactofen, fomesafen, or 
aciflourofen had greater activity when applied early POST (smaller weed size) compared 
to late POST (bigger weed size). Hager et al. (2003) and Lee and Oliver (1982) reported 
that efficacy of PPO herbicides was greater on common waterhemp (Amaranthus rudis 
Sauer) and other broadleaf weeds with early POST compared to late POST application. 
Likewise, horseweed (Conyza canadensis (L.) Cronq.) control with saflufenacil was 
reduced as plant height increased (Mellendorf et al. 2013). Steckel et al. (1997) reported 
glufosinate efficacy was greater on giant foxtail (Setaria faberi Herrm.), common 
lambsquarters, common cocklebur (Xanthium strumarium L.), and Pennsylvania 
smartweed (Polygonum pensylvanicum L.) when applied on 10-cm compared to 15-cm 
plants.  
A significant progress have been made for developing dicamba and 2,4-D 
resistant soybeans which will allow the use of newer formulations of dicamba plus 
glyphosate (Roundup® Xtend) or 2,4-D choline plus glyphosate (Enlist Duo®) herbicides. 
With the wide spread occurrence of glyphosate-resistant (GR) weeds glufosinate based 
herbicide programs are widely considered by the growers in the recent years (Chahal and 
Johnson 2012; Craigmyle et al. 2013; Kaur et al 2014). Hydroxyphenylpyruvate 
dioxygenase (HPPD) inhibitors are a relatively new herbicide family commonly applied 
PRE or POST for control of broadleaf and grass weeds. With the wide spread occurrence 





With these scenarios, the use of new formulations of dicamba, 2,4-D choline; 
premixed dicamba or 2,4-D choline plus glyphosate; glufosinate; and mesotrione 
herbicide products are likely to be increased for weed control in the future. However, to 
achieve an optimum weed control in Enlist, Roundup Ready 2 Xtend, LibertyLink, 
HPPD, and MGI soybean, factors influencing the performance of the recommended 
herbicide products for these crop system should be primarily studied. There are no 
research studies conducted previously to evaluate the effect of carrier water pH, 
coapplied foliar fertilizer, and use of water conditioning adjuvants on the herbicide 
formulations recommended for newer crop systems. The information on the influence of 
carrier water pH, coapplied foliar fertilizer, and adjuvant use on dicamba, 2,4-D choline, 
and their premixed formulation with glyphosate, glufosinate, and mesotrione efficacy 
would be critical as the growers will be considering upcoming new herbicide resistant 
crop systems for managing problematic weeds. Therefore, field and greenhouse research 
studies were conducted with the objectives to evaluate the effect of carrier water pH, 
coapplied zinc (Zn) or manganese (Mn) foliar fertilizer, and water conditioning adjuvants 
such as DPP or AMS on efficacy of newer formulation of dicamba, 2,4-D choline, 
premixed dicamba or 2,4-D choline plus glyphosate, glufosinate, and mesotrione for 
control of problematic broadleaf weeds. Our hypothesis was that inappropriate carrier 
water pH, coapplied foliar fertilizer, and absence of water conditioning adjuvants reduces 
efficacy of newer formulation of dicamba or 2,4-D choline and their premixed 
formulations with glyphosate; glufosinate; and mesotrione for giant ragweed (Ambrosia 





4.3. Materials and Methods 
4.3.1. Field Study 
Fallow ground studies were conducted in summer 2014 and 2015. Horseweed was 
evaluated at the Purdue University Meigs farm near Romney, IN in 2014, where soil type 
was a Crosby-Miami silt loams soil (18% sand, 60% silt, 22% clay) with 2.9% organic 
matter and a pH of 6.9. In 2015, the horseweed site was a grower’s field near Cortland, 
IN, where the soil type was a Fox-Ockley sandy loams (46.6% sand, 39.6% silt, and 
13.8% clay) with 1.9% organic matter and a pH of 6.7. A grower’s field near Winamac, 
IN was the site for Palmer amaranth for both years. The soil type at this site was a 
Maumee loamy fine sand (85% sand, 10% silt, 5% clay) with 2% organic matter and a 
pH of 6.7. Plant density was 80 to 200 plants m-2 for horseweed and 100 to 350 plants m-2 
for Palmer amaranth. Horseweed or Palmer amaranth were 5- to 20-cm tall at treatment 
application. 
Treatments consisted of two-way factorial of carrier water pH and foliar fertilizer. 
Carrier water pH was maintained at either 4, 6.5, or 9 using organic pH buffer salts at 0.1 
M concentration in deionized water (DI). Potassium hydrogen phthalate salt (Acros 
Organics, Geel, Belgium); potassium phosphate monobasic salt (Potassium Phosphate 
Monobasic crystals, Avantor Performance Materials Inc., Phillipsburg, NJ); or Tris salt 
(Tris hydroxymethyl) aminomethane, Acros Organics) were dissolved in deionized water 
to create water pH 4, 6.5, or 9, respectively. Foliar fertilizer consisted of either zinc 





(Brandt EDTA 6% Manganese, Brandt Consolidated, Inc., Springfield, IL) fertilizer at 
2.5 and 3.75 L ha-1, respectively. Four herbicides: 1) premixed of dicamba plus 
glyphosate (MON 76832; diglycolamine (DGA) and monoethanolamine (MEA) salt of 
dicamba and glyphosate at 14.6 and 29.5%, respectively; Monsanto Company, St. Louis, 
MO); 2) Premixed 2,4-D choline plus glyphosate (Enlist DuoTM; choline and 
dimethylammonium salt of 2,4-D and glyphosate at 24.4 and 22.1%, respectively; Dow 
AgroSciences, Indianapolis, IN); 3) glufosinate (Liberty® 280; glufosinate ammonium at 
24.5%; Bayer CropSciences, Research Triangle Park, NC); and 4) mesotrione (Callisto®; 
mesotrione at 40%; Syngenta Crop Protection, Inc., Greensboro, NC) were evaluated in 
the study. Premixed 2,4-D choline plus glyphosate was applied at 0.785 plus 0.834 kg ae 
ha-1, respectively; dicamba plus glyphosate was applied at 0.83 plus 1.68 kg ae ha-1, 
respectively; glufosinate was applied at 0.595 kg ai ha-1; and mesotrione was applied at 
0.105 kg ai ha-1. In mesotrione herbicide treatments, crop oil concentrate (Agri-Dex, 
Helena Chemical Co., West Helena, AR) was added to the spray mixture at 1% v/v. 
Treatments were applied using a CO2 pressurized backpack sprayer delivering 140 L ha-1 
using a TeeJet XR11002 nozzle (TeeJet Technologies, Spraying Systems Co.) with a 
spraying speed of 4.8 km hr-1. In addition, an untreated check was included for the 
comparison. 
Carrier Water pH, Foliar Fertilizer, and Horseweed Height. For evaluating mesotrione 
efficacy based on horseweed height, treatments consisted of three-way factorial of carrier 
water pH, foliar fertilizer, and plant height. Carrier water pH and foliar fertilizer 





12.5, or 17.5 cm-tall horseweed were marked in each plot. Mesotrione rate, use of COC, 
and application parameters were same as mentioned above. 
Data Collection and Analysis. Field studies were conducted as a randomized complete 
block design (RCBD) with 4 reps in each year. Prior to the treatment application, a 1 m-2 
area was flagged within each plot and initial density of horseweed or Palmer amaranth 
were recorded. After treatment application, visually assessed percent control was 
recorded on a 0 to 100 scale (where 0 is equal to no injury or similar to untreated check 
and 100 is equal to complete death of plant) at 4 wk after treatment (WAT). At 4 WAT, 
the number of live plants were recorded from flagged 1 m-2 area for final density counts 
and above ground biomass was harvested. Plant samples were placed in a 60 C forced air-
drier for 1 wk and dry weight was recorded. Dry weight was converted to percent 
biomass reduction compared to untreated check. For the study evaluating the influence of 
horseweed height with mesotrione, visual estimates for percent control was recorded on 
the individual plants marked at different heights. Final height was recorded for each plant 
and aboveground biomass was harvested at 4 WAT. Final height of each plant was 
converted to percent height reduction compared to the initial spray height. Plant samples 
were dried and dry weight converted to percent biomass reduction compared to the 
untreated check.  
Data were analyzed separately for each herbicide by each species using PROC 
GLMMIX in SAS version 9.3 (SAS Institute Inc., Cary, NC). Data were checked for 
constant variance and normality using PROC UNIVARIATE in SAS, and data were 





all species with each herbicide were arcsine square root transformed. Likewise, if the 
effect of experiment run was significant at α ≤ 0.05, data were separated by year for the 
analysis. Since, the run effect was significant, data were separated by experiment year for 
the analysis. Treatment means were separated using adjusted Tukey at α ≤ 0.05. Mean 
separation was based on the transformed data but back-transformed means are presented.  
4.3.2. Greenhouse Study 
Greenhouse studies were conducted during fall and spring of 2014 and 2015, 
respectively. Bioassay plants were established using potting medium (Redi-Mix, Sun-Gro 
Redi-Earth Plug and Seedling Mix, Sun-Gro Horticulture, Bellevue, WA). Horseweed, 
giant ragweed, and Palmer amaranth seeds were planted and germinated on 26 x 26 x 6 
cm3 poly-flats using potting medium. Seedling at 1- to 2-true-leaf stage were transplanted 
in 164 cm3 cone-container (Ray Leach SC-10 Super Cell Cone-tainers, Stuewe & Sons, 
Tangent, OR) filled with potting medium. Transplants were watered daily and fertilized 
weekly [Miracle-Gro® Water Soluble All Purpose Plant Food (24-8-16), Scotts Miracle-
Gro Products Inc., Marysville, OH]. Greenhouse was maintained with minimum and 
maximum temperature of 25 to 28 C, respectively, and lighting was used to provide a 16-
h photoperiod.  
Treatments consisted of three-way factorial of carrier water pH, foliar fertilizer, 
and AMS. Water pH was adjusted at 4, 6.5, or 9 using the same organic pH buffer salts 
used in the field study. Each water pH level consisted of without fertilizer, zinc (Zn), or 





potassium phosphate dibasic (MON 10; 50% potassium phosphate dibasic (PPD), 
Monsanto Company, St. Louis, MO) or ammonium sulfate (N-Pak; 34% ammonium 
sulfate (AMS), Winfield Solutions, LLC, St. Paul, MN) was used based upon herbicide 
chemistry. PPD was used at 0 or 2% v/v as water conditioning adjuvant with dicamba or 
premixed dicamba plus glyphosate. Whereas, AMS was used at 0 or 2.5% v/v of total 
spray solution for 2,4-D choline; premixed 2,4-D choline plus glyphosate; glufosinate; 
and mesotrione application. Herbicides were applied at the following rates: dicamba at 
0.28 kg ae ha-1; premixed dicamba plus glyphosate at 0.209 plus 0.422 kg ae ha-1; 2,4-D 
choline at 0.28 kg ae ha-1; premixed 2,4-D choline plus glyphosate at 0.266 plus 0.283 kg 
ae ha-1; glufosinate at 0.298 kg ai ha-1; and mesotrione at 0.079 kg ai ha-1. Mesotrione 
treatments also consisted of crop oil concentrate at 1% v/v of total spray solution. In 
addition, an untreated check was included for the comparison. Treatments were applied to 
10- to 15-cm tall giant ragweed, 6- to 8-cm rosette diameter horseweed, and 8- to 12-cm 
tall Palmer amaranth. Treatments were applied using compressed air in a track sprayer at 
140 L ha-1 with a TeeJet 8002EVS nozzle (TeeJet Technologies, Spraying Systems Co.) 
and a spraying speed of 4.8 km hr-1. 
Data Collection and Analysis. Studies evaluating the influence of carrier water pH, foliar 
fertilizer, and PPD or AMS on dicamba; premixed dicamba plus glyphosate; 2,4-D 
choline; premixed 2,4-D choline plus glyphosate; glufosinate; and mesotrione efficacy 
were conducted as a RCBD with five replications and repeated over time. Data were 
collected for percent control and biomass reduction. Visual estimates of percent control 





dry weight was converted to percent biomass reduction compared to untreated check. 
Data was analyzed separately for each weed species using PROC GLMMIX in SAS 
version 9.3. There was no significant run effect; therefore, data were combined over 
experiment runs for further analysis. Percent control and percent biomass reduction data 
were arcsine square root transformed and subjected to analysis of variance (ANOVA). 
Treatment means were separated using adjusted Tukey at P ≤ 0.05. Mean separation was 
based on the transformed data but back-transformed means are presented.  
4.4. Results and Discussion 
4.4.1. Carrier Water pH, Foliar Fertilizer, and Potassium Phosphate Dibasic on Dicamba 
Efficacy 
Greenhouse Study: ANOVA showed that there was no two- or three- way interactions of 
carrier water pH, foliar fertilizer, and potassium phosphate dibasic (PPD) on dicamba 
efficacy for giant ragweed, horseweed, and Palmer amaranth control (Table 4.1). 
Similarly, coapplied Zn or Mn foliar fertilizer did not influence dicamba efficacy on 
above mentioned weed species. The effect of carrier water pH or PPD was significant for 
giant ragweed, horseweed, and Palmer amaranth control and biomass reduction with 
dicamba. Giant ragweed control was at least 14% with dicamba applied at carrier water 
pH 4 or 6.5 compared to 9 (Table 4.2). Giant ragweed biomass reduction was at least 7% 
with carrier water pH 4 compared to pH 9. Addition of PPD in the spray solution 





least 6% greater horseweed control at carrier water pH 4 or 6.5 compared to 9. Likewise, 
horseweed control with dicamba was at least 6% when PPD was added to the spray 
solution. Palmer amaranth control and biomass reduction was at least 16% and 10%, 
respectively, at carrier pH 4 or 6.5 compared to pH 9. Palmer amaranth control 
enhancement and biomass reduction was at least 10% with the addition of PPD for 
dicamba application. 
The result from current study is in contrast to the previous research that evaluated 
the effect of spray solution pH on efficacy of quinclorac, a growth regulator herbicide 
(Woznica et al. 2003; Mao et al. 2016). The amount of dissolved quinclorac was greater 
in the alkaline compared to acidic solution, and resulted into greater efficacy at alkaline 
condition. Addition of alkaline compound enhanced the amount of quinclorac dissolved 
in the spray solution thus enhancing efficacy (Woznica et al. 2003). When spray solution 
pH was increased from 1 to 9 quinclorac solubility was reported to increase from 3.61 to 
10457.65 mg L-1 (Mao et al. 2016). These results illustrated that the effect of solution pH 
could be variable upon herbicide chemistry, although the herbicide have similar mode of 
action. Similar to our result, Roskamp et al (2013a) did not observe the antagonistic 
effect of Zn or Mn fertilizer on dicamba for common lambsquarters control. Moreover, 
authors reported that dicamba coapplied with Zn fertilizer enhanced control of common 





4.4.2. Carrier Water pH, Foliar Fertilizer, and Potassium Phosphate Dibasic on Premixed 
Dicamba plus Glyphosate Efficacy 
Field Study: There was no interaction of carrier water pH and foliar fertilizer on 
premixed dicamba plus glyphosate efficacy for horseweed control in either year. An 
interaction of water pH and foliar fertilizer was observed for horseweed density reduction 
in 2014, where using Zn fertilizer with carrier water pH 4 reduced horseweed density 
compared to Zn or Mn fertilizer at pH 9 (Table 4.3). Carrier water pH influenced 
horseweed control and plant density reduction with premixed dicamba plus glyphosate. 
Dicamba plus glyphosate formulation applied with carrier water at pH 4 or 6.5 provided 
at least 9% greater control and density reduction of horseweed compared to carrier water 
pH 9. Likewise, horseweed biomass reduction percent was at least 13% with carrier water 
pH 4 compared to 9. There was no difference between co-applying Zn or Mn fertilizer 
with premixed dicamba plus glyphosate for horseweed control. In 2014, carrier water pH 
and foliar fertilizer had an interaction effect on dicamba plus glyphosate efficacy for 
Palmer amaranth control. Premixed dicamba plus glyphosate applied with carrier water 
pH 4 and Zn fertilizer provided greater control and plant density reduction compared to 
application with Zn fertilizer at water pH 9 and Zn fertilizer. The effect of carrier water 
pH was significant for Palmer amaranth control, density reduction, and biomass reduction 
in 2014. Palmer amaranth control, density reduction, and biomass reduction was at least 
6% with dicamba plus glyphosate formulation applied at carrier water pH 4 compared to 





The results observed in 2014 was different than in 2015 when interaction effect 
and main effect of carrier water pH and foliar fertilizer was not observed on premixed 
dicamba plus glyphosate efficacy for horseweed and Palmer amaranth, except for palmer 
amaranth biomass reduction as affected by carrier water pH and foliar fertilizer. Palmer 
amaranth biomass was lesser with carrier water at acidic pH compared to alkaline pH. 
Likewise, premixed dicamba plus glyphosate coapplied with Mn fertilizer had lesser 
biomass reduction than coapplied with Zn fertilizer. 
Greenhouse Study: ANOVA showed an interactions of carrier water pH and foliar 
fertilizer for giant ragweed and horseweed control with premixed dicamba plus 
glyphosate (Table 4.4). Interaction illustrated that dicamba plus glyphosate formulation 
applied with carrier water pH 4 and DI water provided greater control of giant ragweed 
and horseweed compared to the treatment consisting of carrier water pH 9 and Zn 
fertilizer (Data not shown). Carrier water pH, foliar fertilizer, and PPD affected 
horseweed control with premixed dicamba plus glyphosate. However, similar result was 
not observed for giant ragweed and Palmer amaranth control. Carrier water at pH 9 
reduced horseweed control at least 6% compared to pH 4 for premixed dicamba plus 
glyphosate application (Table 4.5). Coapplied Zn fertilizer negatively influenced dicamba 
plus glyphosate efficacy on horseweed control and biomass reduction. Horseweed control 
and biomass reduction was at least 10 and 6% with coapplied Zn fertilizer compared to 
without foliar fertilizer for premixed dicamba plus glyphosate application. Use of PPD 
enhanced horseweed control at least 7% with premixed dicamba plus glyphosate 





The result from this study suggests that carrier water pH influences efficacy of 
both the herbicides. Alkaline carrier water pH (pH = 9) resulted into lower efficacy of 
dicamba alone or its formulation with glyphosate. This result is in agreement with the 
previous studies evaluating carrier water pH effect on glyphosate. Buhler and Burnside 
(1983) reported that glyphosate efficacy on oat (Avena sativa L.) was lowered at least 9% 
with carrier water pH 2 compared to pH 9. Effect of foliar fertilizer was observed on 
premixed dicamba plus glyphosate and not on dicamba applied alone. This result could 
be attributed to the antagonism of foliar fertilizer cation on glyphosate molecule of the 
premixed formulation. Glyphosate acting as a chelating agent and forming salt complex 
with divalent cations have been previously reported by (Glass 1984). Zn2+ antagonism on 
glyphosate resulted in decreased oat injury from 70 to 31% as reported by Buhler and 
Burnisde (1983). Additionally, Nalewaja and Matysiak (1991) reported that glyphosate 
antagonism from cations in the order as iron > zinc > calcium ≥ magnesium > sodium > 
potassium illustrating that Zn2+ could have a significant effect on glyphosate efficacy. Mn 
fertilizer effect on glyphosate is reported to be dependent on the type of formulations. 
Glyphosate efficacy was reduced with Mn ethylaminoacetate chelate (Mn-EAA), Mn 
lignin sulfonate chelate (Mn-LS), and Mn monohydrate (MnSO4) formulations of 
manganese foliar fertilizer (Bailey et al. 2002; Bernards et al. 2005a); while, there was no 
antagonism with Mn ethylenediaminetetraacetate (Mn-EDTA) formulation (Bernards et 
al. 2005a). In the present study, a Mn-EDTA formulation was used; therefore, glyphosate 





4.4.3. Carrier Water pH, Foliar Fertilizer, and Ammonium Sulfate on 2,4-D Choline 
Efficacy 
Greenhouse Study: There was an interaction of foliar fertilizer and AMS for Palmer 
amaranth control with 2,4-D choline as illustrated by ANOVA (Table 4.6). This 
interaction suggests that Palmer amaranth control with 2,4-D choline was greater with 
treatment consisting of AMS and without foliar fertilizer compared to treatments 
consisting of no AMS in the presence of Zn or Mn foliar fertilizer (data not shown). 2,4-
D choline efficacy was affected by the main effect of carrier water pH, foliar fertilizer, 
and AMS. Giant ragweed control with 2,4-D choline was at least 13% greater with carrier 
water pH 4 compared to pH 9 (Table 4.7). Addition of AMS enhanced 2,4-D choline 
efficacy on giant ragweed and provided at least 14% greater control compared to without 
AMS. Horseweed control was at least 8% greater with 2,4-D choline applied at carrier 
water pH 4 compared to 6.5 or 9. Coapplied Mn fertilizer reduced 2,4-D choline efficacy 
on horseweed control and resulted into at least 12% lower control compared to 
application without foliar fertilizer. 2,4-D choline had horseweed control at least 16% 
greater with the use of AMS compared to without AMS in the spray solution. Palmer 
amaranth control with 2,4-D choline was observed at least 6% greater with carrier water 
pH 4 compared to 6.5 or 9. Likewise, biomass reduction was at least 8% with 2,4-D 
choline applied at acidic spray water compared to alkaline water. Coapplied Zn or Mn 
foliar fertilizers reduced 2,4-D choline efficacy at least 6% for Palmer amaranth control. 
Likewise, difference in biomass reduction was observed between coapplied Zn foliar 





of AMS enhanced Palmer amaranth control at least 6% compared to without AMS for 
2,4-D choline application. 
Results from current study corresponds with the previously conducted study by 
Roskamp et al. (2013a) where 2,4-D amine efficacy was antagonized with Mn fertilizer. 
Authors reported horseweed control reduction was 19% with 2,4-D amine coapplied with 
Mn foliar fertilizer compared to without foliar fertilizer. Authors also reported that use of 
AMS overcame the antagonistic effect of Mn fertilizer on 2,4-D amine efficacy for 
common lambsquarters control. AMS enhanced common lambsquarters control at least 
13% with 2,4-D amine. In the present study, use of AMS enhanced 2,4-D choline 
efficacy on giant ragweed, horseweed, and Palmer amaranth in the presence of Zn or Mn 
foliar fertilizer which illustrates that AMS has a potential to overcome the antagonistic 
effect of Zn and Mn fertilizer for 2,4-D choline application. Previous studies have 
reported that AMS enhanced herbicide efficacy by facilitating transcuticular movement 
and increasing herbicide absorption in to the leaf (Gronwald et al. 1993; Kent et al. 1991; 
Wanamarta et al. 1989). 
4.4.4. Carrier Water pH, Foliar Fertilizer, and Ammonium Sulfate on Premixed 2,4-D 
Choline plus Glyphosate Efficacy 
Field Study: Influence of carrier water pH and foliar fertilizer on premixed 2,4-D choline 
plus glyphosate was variable with the study year as well as weed species. In 2014, 2,4-D 
choline plus glyphosate applied with treatment combination of carrier water pH 4 and 





compared to the combinations of Zn or Mn fertilizer with water pH 9 (Table 4.8). 
Similarly, 2,4-D choline plus glyphosate formulation applied at carrier water pH 4 
resulted into horseweed control and plant density reduction of at least 5% and 13%, 
respectively, compared to pH 6.5 or 9.  
There was an interaction of carrier water pH and foliar fertilizer for horseweed 
control and density reduction in 2015. Horseweed control and density reduction was at 
least 11 and 14% with premixed 2,4-D choline plus glyphosate with treatment consisting 
of carrier water pH 6.5 and Zn fertilizer compared to carrier water pH 4 and Mn fertilizer. 
Likewise, there was a difference in horseweed control and plant density reduction 
between foliar fertilizer treatments in 2015. Horseweed control and plant density 
reduction were at least 7% with 24-D choline plus glyphosate coapplied with Mn 
fertilizer compared to Zn fertilizer. In 2015, effect of carrier water pH was not observed 
for horseweed control with premixed 2,4-D choline plus glyphosate. Effect of carrier 
water pH and foliar fertilizer was not observed on premixed 2,4-D choline plus 
glyphosate efficacy for Palmer amaranth control on both the study years. 
Greenhouse Study: There was a three-way interaction of carrier water pH, foliar 
fertilizer, and AMS for giant ragweed control with premixed 2,4-D choline plus 
glyphosate (Table 4.9). In this case, treatments consisting of interaction of carrier water 
pH 4, without foliar fertilizer, and adding AMS provided greater control of giant ragweed 
compared to treatments consisting of alkaline pH, coapplied Mn fertilizer, and without 
AMS for premixed 2,4-D choline plus glyphosate application (Data not presented). 





giant ragweed control. This interaction illustrated that premixed 2,4-D choline plus 
glyphosate applied with treatment consisting of carrier water pH 4 and without foliar 
fertilizer provided giant ragweed control greater compared to the treatment consisting of 
alkaline water pH and Zn or Mn foliar fertilizer (Data not presented).   
ANOVA showed that the main effect of carrier water pH influenced 2,4-D 
choline plus glyphosate efficacy for horseweed and Palmer amaranth control (Table 4.9). 
Additionally, significant effect of foliar fertilizer or AMS was observed for 2,4-D choline 
plus glyphosate efficacy on giant ragweed, horseweed, and Palmer amaranth control. 
Premixed 2,4-D choline plus glyphosate provided at least 8% greater control of 
horseweed and Palmer amaranth with carrier water pH 4 compared to pH 9 (Table 4.10). 
Likewise, Palmer amaranth biomass reduction was at least 5% with 2,4-D choline plus 
glyphosate applied with carrier water at acidic pH compared to alkaline pH. When 
considering the effect of foliar fertilizer, coapplied Mn fertilizer had negative effect on 
premixed 2,4-D choline plus glyphosate efficacy. Giant ragweed, horseweed, or Palmer 
amaranth control were reduced at least 6, 8, and 13%, respectively, with coapplied Mn 
foliar fertilizer compared to without foliar fertilizer. Additionally, giant ragweed and 
Palmer amaranth biomass reduction was at least 5% with coapplied Mn fertilizer 
compared to without foliar fertilizer. AMS enhanced premixed 2,4-D choline plus 
glyphosate efficacy on giant ragweed, horseweed, and Palmer amaranth control. Addition 
of AMS resulted 2,4-D choline plus glyphosate efficacy at least 6, 10, and 10% for giant 
ragweed, horseweed, and Palmer amaranth control, respectively. Likewise, horseweed 





Effect of carrier water pH was observed on glyphosate efficacy for torpedograss 
(Panicum repens L.) control (Shilling and Haller 1989). Authors reported that glyphosate 
efficacy was higher at spray solution pH 6 compared to pH 8. Glyphosate efficacy was 
greater with spray solution at acidic condition compared to alkaline condition as reported 
by Shea and Tupy (1984). In the current study, coapplied Mn foliar fertilizer reduced 
premixed 2,4-D choline plus glyphosate efficacy. There was a differential response of Mn 
foliar fertilizer formulations on glyphosate efficacy as mentioned by previous 
researchers. Morevoer, Mn-EDTA formulation did not have negative effect on glyphosate 
efficacy according to Bernards et al. (2005a). However, the present study shows that Mn-
EDTA formulation has a potential to negatively influence efficacy of premixed 2,4-D 
choline plus glyphosate formulation. Previously, the use of AMS was reported to enhance 
efficacy of 2,4-D amine (Roskamp et al. 2013a) and glyphosate (Thelen et al. 1995; 
Young et al. 2003). In addition, Bernards et al. (2005b) reported that addition of AMS on 
Mn fertilizer tank mixtures enhanced glyphosate absorption, translocation, and velvetleaf 
control. The effect of AMS on 2,4-D or glyphosate were evaluated separately in the 
above mentioned studies. The current study illustrates that the use of AMS has potential 
to enhance efficacy of premixed 2,4-D choline plus glyphosate. 2,4-D and glyphosate are 
weak acid herbicides, and AMS enhancement of weak-acid herbicides has been reported 
in multiple studies (Ramsdale et al. 2003; Roskamp et al. 2013a; Zollinger et al. 2010). 
Therefore, addition of AMS has a potential to enhance the efficacy of premixed 2,4-D 





4.4.5. Carrier Water pH, Foliar Fertilizer, and Ammonium Sulfate on Glufosinate 
Efficacy 
Field Study: Effect of carrier water pH and foliar fertilizer on glufosinate efficacy for 
horseweed control was different between study years. There was no interaction of carrier 
water pH and foliar fertilizer for horseweed control with glufosinate (Table 4.11). 
Horseweed control did not differ with glufosinate coapplied with Zn or Mn foliar 
fertilizer and result was consistent across study years. Glufosinate applied with carrier 
water pH at different levels had variable response for horseweed control in 2014. 
Horseweed control was at least 10% greater with glufosinate applied with acidic carrier 
water (pH = 4) compared to alkaline water (pH = 9). Similarly, glufosinate applied in 
acidic or about neutral carrier water pH had at least 8% greater horseweed density and 
biomass reduction compared to alkaline (pH = 9) carrier water pH. The effect of carrier 
water pH was not observed on glufosinate efficacy for horseweed control, density 
reduction, and biomass reduction in 2015. Palmer amaranth control with glufosinate as 
influenced by interaction of carrier water pH and foliar fertilizer, and main effect of 
carrier water pH was variable between study years. In 2014, a two-way interaction 
between carrier water pH and foliar fertilizer was observed for Palmer amaranth control 
and plant density reduction with glufosinate. The interaction illustrated that Palmer 
amaranth control and density reduction was at least 15% and 18%, respectively, with 
glufosinate applied in carrier water pH 6.5 and Zn fertilizer; or pH 9 and Mn fertilizer 
compared to the treatments consisting of carrier water pH 4 and Zn or Mn fertilizer. The 





amaranth control, plant density reduction, and biomass reduction in 2014. Palmer 
amaranth control, plant density reduction, and biomass reduction was at least 15%, 14%, 
and 16%, respectively, with glufosinate applied in water pH 4 compared to 9.  
In 2015, the effect of carrier water pH, foliar fertilizer, and their interactions were 
not significant for Palmer amaranth control and plant density reduction. However, Palmer 
amaranth biomass reduction was influenced by interaction effects and main effects of 
carrier water pH and foliar fertilizer. Palmer amaranth biomass reduction was at least 
24% with glufosinate applied with water pH 4 and Mn fertilizer compared to water pH 9 
and Zn fertilizer. Significant main effect of carrier water pH illustrated that Palmer 
amaranth biomass reduction was at least 10% with glufosinate applied in carrier water pH 
4 or 6.5 compared to carrier water pH 9. The effect of coapplied foliar fertilizer on 
glufosinate showed that Palmer amaranth biomass reduction was at least 10% with Zn 
fertilizer compared to Mn fertilizer. 
Greenhouse Study: ANOVA illustrated non-significant interactions of carrier water pH, 
foliar fertilizer, and AMS for giant ragweed control with glufosinate application (Table 
4.12). The effect of carrier water pH was significant for glufosinate on giant ragweed 
control and biomass reduction. Glufosinate efficacy on giant ragweed was greater when 
applied in acidic compared to alkaline carrier water. Giant ragweed control and biomass 
reduction with glufosinate was at least 10% and 8%, respectively, with carrier water pH 4 
compared to carrier water pH 9 (Table 4.13). The effect of AMS was significant on 





0.002). Giant ragweed control and biomass reduction was at least 10 and 6%, 
respectively, when glufosinate was applied with AMS compared to without AMS.  
The ANOVA showed a two-way interaction between carrier water pH and AMS 
for Palmer amaranth control with glufosinate (Table 4.12). Glufosinate applied at carrier 
water pH 4 and addition of AMS resulted an increased Palmer amaranth control 
compared to application at carrier water pH 9 and without AMS (data not presented). 
Palmer amaranth control was variable with glufosinate as influenced by the carrier water 
pH. Glufosinate applied with carrier water pH 4 provided Palmer amaranth control at 
least 17% greater compared to carrier water pH 9 (Table 4.13). Effect of carrier water pH 
was also significant on glufosinate activity for Palmer amaranth biomass reduction. 
Palmer amaranth biomass reduction was at least 7% with glufosinate applied in carrier 
water pH 4 compared to pH 9. There was no effect of coapplied foliar fertilizer and AMS 
on glufosinate efficacy for Palmer amaranth control. In the current study, use of AMS 
enhanced glufosinate efficacy on giant ragweed but Palmer amaranth control remained 
unaffected. Similar results have been reported by Pline et al. (1999) where differential 
response of weed species was noted on glufosinate absorption with the addition of AMS. 
Authors reported that the use of 5% AMS (w/v) resulted into significant increase of 14C-
glufosinate absorption in green foxtail (Setaria viridis (L.) Beauv.) and sicklepod (Senna 
obtusifolia (L.) H.S. Irwin & Barneby); remained unchanged on common milkweed 
(Asclepias syriaca L.) and horsenettle (Solanum carolinense L.); and significant decrease 





The results for horseweed control with glufosinate as influenced by carrier water 
pH, foliar fertilizer, and AMS did not correspond to the results with giant ragweed and 
Palmer amaranth. The ANOVA showed non-significant two- or three-way interactions of 
carrier water pH, foliar fertilizer, and AMS for horseweed control with glufosinate (Table 
4.12). Horseweed control with glufosinate also remained unaffected by the main effect of 
carrier water pH, foliar fertilizer, or AMS. Previous researchers have shown that 
glufosinate efficacy is variable depending upon weed species. Differential response of 
annual weeds to the glufosinate application has been reported by Ridley and McNally 
(1985); Tharp et al. (1999). Likewise, differential glufosinate translocation have been 
observed on ivyleaf morningglory (Ipomoea hederacea Jacq.) vs prairie cupgrass 
(Eriochloa contracta Hitchc.) vs yellow nutsedge as reported by Hoss et al. (2003).  
4.4.6. Carrier Water pH, Foliar Fertilizer, and Ammonium Sulfate on Mesotrione 
Efficacy 
Field Study: Horseweed control with mesotrione as influenced by carrier water pH and 
foliar fertilizer was variable between years. In 2014, there was an interaction of carrier 
water pH and foliar fertilizer on mesotrione efficacy for horseweed control. The 
combinations of Zn fertilizer with carrier water pH 4 or 9, and Mn fertilizer with pH 9 
had reduced mesotrione activity for horseweed control compared to the treatment 
combination of Mn foliar fertilizer and carrier water pH 6.5 (Table 4.14). Mesotrione 
coapplied with Mn fertilizer at water pH 6.5 lowered horseweed density compared to Zn 





water pH and foliar fertilizer treatment, horseweed control was generally higher at water 
pH 6.5 than pH 4 or 9. Horseweed control, density, or biomass reduction were 11, 14, or 
29%, respectively, with water pH 6.5 compared to 4 or 9 in 2014. Palmer amaranth 
control with mesotrione was negatively influenced by coapplied Zn fertilizer compared to 
Mn fertilizer in 2014. Palmer amaranth control, density, and biomass reduction was 8, 9, 
and 7%, respectively, with coapplied Mn compared to Zn fertilizer for mesotrione 
application.  
Carrier Water pH, Foliar Fertilizer, and Horseweed Height. In 2014, there was an 
interaction of carrier water pH and foliar fertilizer for horseweed control and height 
reduction with mesotrione application (Table 4.15). Horseweed control and height 
reduction was greater with mesotrione coapplied with Mn fertilizer and water pH 6.5 
compared to Zn fertilizer and water pH 4 or 9 (data not shown). Effect of carrier water 
pH on mesotrione efficacy was significant for horseweed control in 2014; and biomass 
reduction data pooled across years. In 2014, horseweed control with mesotrione was at 
least 13% with carrier water pH 6.5 compared to 9 (Table 4.16). Similarly, data pooled 
across years showed that mesotrione reduced horseweed biomass at least 10% at carrier 
water pH 6.5 compared to 9. The ANOVA illustrated that effect of plant height had a 
greater influence on mesotrione efficacy for horseweed control than carrier water pH or 
foliar fertilizer (Table 4.15). Horseweed control, final height, and biomass reduction was 
greatest with mesotrione applied to 7.5-cm tall compared to 12.5- or 17.5-cm tall plants 
(Table 4.16). Likewise, control and height reduction was at least at least 11% when 





(2013) also reported that glyphosate efficacy was reduced 39% when horseweed height 
increased from 15 to 45 cm. A similar result was reported by Keeling et al. (1989) where 
horseweed control was greater at the rosette stage compared to 10- to 15-cm tall plants. 
Greenhouse Study: Results from the ANOVA showed that interactions of carrier water 
pH, foliar fertilizer, and AMS were non-significant except for Palmer amaranth control 
with carrier water pH and AMS (Table 4.17). Mesotrione applied at carrier water pH 9 
with AMS provided greater control of Palmer amaranth compared to water pH 4 without 
AMS (Data not shown). The main effect of carrier water pH, foliar fertilizer, or AMS was 
significant for horseweed control with mesotrione. Mesotrione provided horseweed 
control at least 5% greater at carrier water pH 6.5 compared to pH 4 (Table 4.18). 
Likewise, horseweed control with mesotrione was at least 5% greater when applied 
without foliar fertilizer compared to coapplied Zn fertilizer. Mesotrione efficacy was at 
least 6% greater on horseweed with AMS compared to without AMS. Likewise, giant 
ragweed or Palmer amaranth control was at least 8% greater with the addition of AMS 
for mesotrione application. Xie et al. (2011) reported that creeping bentgrass (Agrostis 
stolonifera L.) control increased from 78 to 98% with the addition of urea ammonium 
nitrate at 2.5% v/v to sequential applications of mesotrione at 70 g ai ha-1. In the current 
study, there was no effect of carrier water pH and foliar fertilizer on mesotrione efficacy 
for giant ragweed and Palmer amaranth control. The result illustrates that mesotrione 
efficacy as affected by carrier water pH and foliar fertilizer could be variable with the 
weed species. Previous research by Nalewaja and Matysiak (1992b) reported that effect 





Common lambsquarters control was 85 and 9% with 2,4-D in the absence and presence 
of Ca2+ cation, respectively; whereas, no difference was observed between these 
treatments for horseweed control (Roskamp et al. 2013a).  
In field study, there was a variable response of premixed dicamba plus 
glyphosate; premixed 2,4-D choline plus glyphosate; glufosinate; and mesotrione with 
respect to carrier water pH or foliar fertilizer between the study years. In 2015, few 
significant differences occurred for each herbicide treatments applied for horseweed and 
Palmer amaranth control. This could be attributed to the variation in relative humidity 
during treatments application between summer 2014 and 2015. During herbicide 
application, relative humidity was 45-50% in the summer of 2014; while, RH was 80-
85% during the summer of 2015. There are various research showing variation on 
herbicide performance with the difference in relative humidity. Glufosinate efficacy was 
found to be variable with the environmental factors as reported by previous studies 
(Coetzer and Al-Khatib 2001; Ramsey et al. 2002). Amaranthus species control with 
glufosinate was reduced with low relative humidity (35 ± 5%) compared to higher 
relative humidity (90 ± 5%) and this result was attributed to the lower glufosinate 
translocation at low compared to high relative humidity as reported by Coetzer and Al-
Khatib (2001). Authors also reported the greater influence of relative humidity than 
environment temperature on glufosinate efficacy for Amaranth species control. Similar 
result was observed on wild oat (Avena fatua L.) by Ramsey et al. (2002) and authors 
noted that higher RH was critical up to 12 h after application for enhancing glufosinate 





conditions. Mesotrione applied POST performed better at low temperature and high 
relative humidity for large crabgrass control (Johnson and Young 2002). Likewise, higher 
relative humidity had been attributed to greater performance of mesotrione on smooth 
crabgrass (Digitaria ischaemum Schreb.) by Goddard et al. (2010).  
The current research study demonstrates that effect of carrier water pH, coapplied 
foliar fertilizer, and water conditioning adjuvants are variable based on herbicide 
chemistry and weed species. Overall, carrier water pH, coapplied foliar fertilizer, and 
water conditioning adjuvants are critical consideration for obtaining optimum efficacy 
from herbicide application. Newer formulation of dicamba or 2,4-D and their premixed 
formulation with glyphosate, and glufosinate performed better with carrier water at acidic 
pH (pH = 4 to 6.5) than at alkaline pH. Therefore, carrier water at acidic pH should be 
considered for application of above mentioned herbicides for giant ragweed, horseweed, 
and Palmer amaranth control. Mesotrione performed better with carrier water at pH 6.5; 
therefore, carrier water at about neutral pH should be considered for mesotrione 
application. Coapplied Zn foliar fertilizer reduced efficacy of dicamba, premixed 
dicamba plus glyphosate, and mesotrione; Mn fertilizer reduced efficacy of 2,4-D choline 
and premixed 2,4-D choline plus glyphosate; while, Zn or Mn foliar fertilizer did not 
affect glufosinate performance. Use of water conditioning adjuvants such as DPP or 
AMS was proven to be beneficial for enhancing herbicide performance; therefore, these 
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Table 4.1 P-value for main effects and interactions of carrier water pH, foliar fertilizer, and potassium phosphate dibasic (PPD) for 
giant ragweed, horseweed, and Palmer amaranth control and biomass reduction at 3 wk after dicamba application.a  
 a Dicamba (Engenia) was applied at 0.28 kg ae ha-1, respectively. Data were arcsine square root transformed and combined over 
experiment runs. 
b Water pH level consisted of 4, 6.5, and 9; foliar fertilizer consisted of zinc (2.5 L ha-1), manganese (3.75 L ha-1), or no fertilizer; 





Giant ragweedb  Horseweed  Palmer amaranth 
Control 
Biomass  
reductiond  Control 
Biomass 




Water pH (pH) <.0001 0.049  0.0033 NS  <.0001 0.004 
Foliar fertilizer (Fert) NS NS  NS NS  NS NS 
Potassium phosphate (PPD) <.0001 NS  0.0147 NS  <.0001 0.034 
pH*Fert NS NS  NS NS  NS NS 
pH*PPD NS NS  NS NS  NS NS 
Fert*PPD NS NS  NS NS  NS NS 





Table 4.2 Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth at 3 wk after dicamba 
application as affected by carrier water pH, foliar fertilizer, and potassium phosphate dibasic (PPD).ab 
a Dicamba (Engenia) was applied at 0.28 kg ae ha-1, respectively. Data were combined over two experiment runs. 
b Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth were arcsine square root transformed. 
Mean separation within a column among the levels of each factor and based on adjusted Tukey at α = 0.05. 
c Water pH was adjusted to 4, 6.5, or 9 using pH buffer salts; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 




Giant ragweed  Horseweed  Palmer amaranth 
Control 
Biomass 
reduction  Control 
Biomass 




Water pH         
4 90 a 57 a  89 a 45 a  70 a   41 ab 
6.5 87 a   54 ab  89 a 45 a  75 a 48 a 
9 73 b 50 b  83 b 41 a  54 b 31 b 
Foliar fertilizer         
Zn 82 a 56 a  87 a 43 a  69 a 41 a 
Mn 84 a 54 a  87 a 41 a  64 a 38 a 
No 87 a 52 a   88 a 45 a  66 a 41 a 
Potassium Phosphate         
0 79 b 51 a  83 b 41 a  60 b 35 b 





Table 4.3 Control, plant density, and biomass reduction of horseweed and Palmer amaranth at 4 wk after dicamba plus glyphosate 
application as affected by carrier water pH, foliar fertilizer, and interaction of water pH and foliar fertilizer.ab  
a Dicamba plus glyphosate was applied at plus 0.83 plus 1.68 kg ae ha-1. 
b Control, plant density and biomass reduction percent of each species were arcsine square root transformed and separated by 
experiment year. Mean separation within a column among the levels of each factor and based on adjusted Tukey’s at α ≤ 0.05.  
c Water pH level consisted of 4, 6.5, and 9; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 L ha-1).  
Factorc 










2014 2015 2014 2015 2014 2015  2014 2015 2014 2015 2014 2015 
 ──────────────────────────────%─────────────────────────── 
Water pH (pH)  
4 84 a 82 a  81 a 78 a 83 a 81 a   95 a 92 a  89 a 87 a 89 a 81 a 
6.5 81 a 83 a  78 a 80 a 77 ab 77 a   92 ab 92 a  87 a 88 a 90 a 68 b 
9 72 b 82 a  66 b 78 a 70 b 78 a   89 b 91 a  83 b 87 a 78 b 62 b 
Foliar fertilizer (Fert)              
Zn 81 a 82 a  77 a 79 a 75 a 81 a   90 a 92 a  84 a 88 a 88 a 82 a 
Mn 78 a 82 a  73 a 78 a 78 a 76 a   93 a 91 a  88 a 87 a 85 a 59 b 
pH*Fert              
4 * Zn 88 a 82 a  85 a 78 a 79 a 83 a   94 a 93 a  90 a 85 a 91 a 88 a 
4 * Mn 80 a 81 a  75 ab 78 a 75 a 78 a   93 ab 91 a  87 ab 88 a 87 a 74 a 
6.5 * Zn 80 a 84 a  76 ab 81 a 64 a 80 a   91 ab 93 a  85 ab 89 a 92 a 83 a 
6.5 * Mn 83 a 82 a  79 ab 78 a 75 a 75 a   93 ab 92 a  88 ab 87 a 88 a 53 a 
9 * Zn 74 a 81 a  69 b 78 a 82 a 80 a   84 b 91 a  75 b 88 a 78 a 74 a 





Table 4.4 P-value for main effects and interactions of carrier water pH, foliar fertilizer, and potassium phosphate dibasic (PPD) for 
giant ragweed, horseweed, and Palmer amaranth control and biomass reduction at 3 wk after dicamba plus glyphosate application.a  
a Dicamba plus glyphosate (MON 76832) was applied at 0.209 plus 0.422 kg ae ha-1, respectively. Data were arcsine square root 
transformed and combined over experiment runs. 
b Water pH level consisted of 4, 6.5, and 9; foliar fertilizer consisted of zinc (2.5 L ha-1), manganese (3.75 L ha-1), or no fertilizer; 





Giant ragweedb  Horseweed  Palmer amaranth 
Control 
Biomass  
reduction  Control 
Biomass 




Water pH (pH) NS NS  0.0156 NS  NS NS 
Foliar fertilizer (Fert) NS NS  <.0001 0.0036  NS NS 
Potassium phosphate (PPD) NS NS  0.002 NS  NS NS 
pH*Fert 0.0075 NS  0.0001 NS  NS NS 
pH*PPD NS NS  NS NS  NS NS 
Fert*PPD NS NS  0.0118 NS  NS NS 





Table 4.5 Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth at 3 wk after dicamba plus 
glyphosate application as affected by carrier water pH, foliar fertilizer, and potassium phosphate dibasic (PPD).ab 
a Dicamba plus glyphosate (MON 76832) was applied at 0.209 plus 0.422 kg ae ha-1, respectively. Data were combined over two 
experiment runs. 
b Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth were arcsine square root transformed. 
Mean separation within a column among the levels of each factor and based on adjusted Tukey at α = 0.05. 
c Water pH was adjusted to 4, 6.5, or 9 using pH buffer salts; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 
L ha-1) or no fertilizer; and potassium phosphate dibasic (PPD) was applied at 0 or 2% v/v. 
 
Factorc 
Giant ragweed  Horseweed  Palmer amaranth 
Control 
Biomass 
reduction  Control 
Biomass 




Water pH         
4 88 a 65 a  76 a 38 a  88 a 77 a 
6.5 89 a 67 a  75 ab 37 a  84 ab 81 a 
9 85 a 66 a  70 b 34 a  77 b 75 a 
Foliar fertilizer         
Zn 90 a 66 a  69 b 33 b  81 b 77 a 
Mn 87 a 67 a  73 ab 37 ab  82 b 78 a 
No 86 a 65 a  79 a 39 a  87 a 78 a 
Potassium phosphate         
0 85 b 65 a  70 b 36 a  81 a 75 a 





Table 4.6 P-value for main effects and interactions of carrier water pH, foliar fertilizer, and ammonium sulfate (AMS) for giant 
ragweed, horseweed, and Palmer amaranth control and biomass reduction at 3 wk after 2,4-D choline application.a  
a 2,4-D choline was applied at 0.28 kg ae ha-1. Data were arcsine square root transformed and combined over experiment runs. 
b Water pH level consisted of 4, 6.5, and 9; foliar fertilizer consisted of zinc (2.5 L ha-1), manganese (3.75 L ha-1), or no fertilizer; 































































Table 4.7 Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth at 3 wk after 2,4-D choline 
application as affected by carrier water pH, foliar fertilizer, and ammonium sulfate (AMS).ab 
a 2,4-D choline was applied at 0.28 kg ae ha-1. Data were combined over two experiment runs. 
b Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth were arcsine square root transformed. 
Mean separation within a column among the levels of each factor and based on adjusted Tukey at α = 0.05. 
c Water pH was adjusted to 4, 6.5, or 9 using pH buffer salts; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 




Giant ragweed  Horseweed  Palmer amaranth 
Control 
Biomass 
reduction  Control 
Biomass 




Water pH         
4 74 a 56 a  76 a 37 a  51 a 46 a 
6.5 67 ab 56 a  68 b 35 a  45 b 42 ab 
9 61 b 55 a  68 b 39 a  45 b 38 b 
Foliar fertilizer         
Zn 70 a 55 a  70 ab 36 a  45 b 38 b 
Mn 63 a 55 a  65 b 35 a  44 b 43 a 
No 69 a 58 a  77 a 40 a  51 a 44 a 
Ammonium sulfate         
0 60 b 53 b  63 b 35 a  44 b 39 a 





Table 4.8 Control, plant density, and biomass reduction of horseweed and Palmer amaranth at 4 wk after 2,4-D choline plus 
glyphosate application as affected by carrier water pH, foliar fertilizer, and interaction of water pH and foliar fertilizer.ab  
a Premixed 2,4-D plus glyphosate (Enlist Duo) was applied at 0.785 plus 0.834 kg ae ha-1, respectively. 
b Control, plant density and biomass reduction percent of each species were arcsine square root transformed and separated by 
experiment year. Mean separation within a column among the levels of each factor and based on adjusted Tukey’s at α ≤ 0.05. 
c Water pH level consisted of 4, 6.5, and 9; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 L ha-1).  
Factorc 










2014 2015   2014 2015 2014 2015  2014 2015 2014 2015 2014 2015 
 ────────────────────────────────%──────────────────────────── 
Water pH (pH)  
4 81 a  77 a   77 a  72 a 69 a 82 a   81 a 81 a 76 a 76 a 81 a 54 a 
6.5 70 b  79 a   64 b  75 a 70 a 86 a   83 a 80 a 78 a 75 a 88 a 54 a 
9 66 b  77 a   60 b  73 a 66 a 84 a   81 a 79 a 73 a 73 a 83 a 59 a 
Foliar fertilizer (Fert)              
Zn 73 a  81 a   69 a  77 a 69 a 85 a   83 a 80 a 77 a 74 a 85 a 55 a 
Mn 72 a  74 b   66 a  70 b 68 a 83 a   80 a 80 a 74 a 76 a 83 a 57 a 
pH*Fert              
4 * Zn 83 a  80 ab   80 a  76 ab 73 a 85 a   85 a 81 a 79 a 76 a 91 a 58 a 
4 * Mn 79 ab  76 ab   75 ab  72 ab 65 a 80 a   76 a 80 a 72 a 76 a 69 a 50 a 
6.5 * Zn 71 abc  84 a   66 abc  81 a 75 a 88 a   83 a 79 a 79 a 74 a 84 a 46 a 
6.5 * Mn 69 bc  74 ab   63 bc  69 ab 64 a 83 a   83 a 81 a 76 a 77 a 91 a 64 a 
9 * Zn 65 c  78 ab   59 c  73 ab 56 a 82 a   80 a 79 a 72 a 72 a 77 a 61 a 





Table 4.9 P-value for main effects and interactions of carrier water pH, foliar fertilizer, and ammonium sulfate (AMS) for giant 
ragweed, horseweed, and Palmer amaranth control and biomass reduction at 3 wk after premixed 2,4-D choline plus glyphosate 
application.a  
a Premixed 2,4-D choline plus glyphosate (Enlist Duo) was applied at 0.266 plus 0.283 kg ae ha-1, respectively. Data were arcsine 
square root transformed and combined over experiment runs. 
b Water pH level consisted of 4, 6.5, and 9; foliar fertilizer consisted of zinc (2.5 L ha-1), manganese (3.75 L ha-1), or no fertilizer; 






















Water pH (pH) NS NS  <.0001 NS  0.0067 0.021 
Foliar fertilizer (Fert) <.0001 0.0481  0.0007 NS  0.0002 0.0161 
Ammonium sulfate (AMS) <.0001 NS  <.0001 0.0049  <.0001 NS 
pH*Fert 0.0165 NS  NS NS  NS NS 
pH*AMS NS NS  NS NS  NS NS 
Fert*AMS NS NS  NS NS  NS NS 





Table 4.10 Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth at 3 wk after 2,4-D choline 
plus glyphosate application as affected by carrier water pH, foliar fertilizer, and ammonium sulfate (AMS).ab 
a Premixed 2,4-D choline plus glyphosate (Enlist Duo) was applied at 0.266 plus 0.283 kg ae ha-1, respectively. Data were 
combined over two experiment runs.  
b Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth were arcsine square root transformed. 
Mean separation within a column among the levels of each factor and based on adjusted Tukey at α = 0.05. 
c Water pH was adjusted to 4, 6.5, or 9 using pH buffer salts; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 
L ha-1) or no fertilizer; and AMS was applied either 0 or 2.5% v/v.  
 
Factorc 
Giant ragweed  Horseweed  Palmer amaranth 
Control 
Biomass 
reduction  Control 
Biomass 




Water pH         
4 94 a 67 a  83 a 44 a  85 a 76 a 
6.5 92 a 68 a  75 b 39 a  83 ab 75 ab 
9 91 a 68 a  76 b 43 a  75 b 71 b 
Foliar fertilizer         
Zn 92 ab 68 ab  78 ab 41 a  85 a 75 ab 
Mn 89 b 65 b  74 b 43 a  73 b 69 b 
No 95 a 70 a  82 a 45 a  86 a 77 a 
Ammonium sulfate         
0 89 b 67 a  73 b 38 b  76 b 72 a 





Table 4.11 Control, plant density, and biomass reduction of horseweed and Palmer amaranth at 4 wk after glufosinate application 
as affected by carrier water pH, foliar fertilizer, and interaction of water pH and foliar fertilizer.ab  
a Glufosinate was applied at 0.595 kg ai ha-1. 
b Control, plant density and biomass reduction percent of each species were arcsine square root transformed and separated by 
experiment year. Mean separation within a column among the levels of each factor and based on adjusted Tukey’s at α ≤ 0.05.  
c Water pH level consisted of 4, 6.5, and 9; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 L ha-1).  
Factorc 










2014 2015 2014 2015 2014 2015  2014 2015 2014 2015 2014 2015 
 ────────────────────────────%────────────────────────────── 
Water pH (pH)  
4 89 a 90 a 84 a 88 a 90 a 97 a    84 a 71 a  78 a 66 a 92 a  59 a 
6.5   85 ab 89 a 83 a 86 a 89 a 97 a    73 ab 72 a  65 b 63 a 85 ab  60 a  
9 79 b 88 a 76 b 85 a 81 b 97 a    69 b 71 a  64 b 60 a 76 b  49 b 
Foliar fertilizer (Fert)              
Zn 85 a 90 a 83 a 88 a 87 a 97 a    75 a 71 a  67 a 60 a 83 a  51 b 
Mn 83 a 88 a 80 a 85 a 87 a 97 a    76 a 72 a  71 a 66 a 86 a  61 a 
pH*Fert              
4 * Zn 86 a 89 a 84 a 87 a 86 a 98 a    85 a 70 a  78 a 57 a 90 a  58 ab 
4 * Mn 85 a 91 a 82 a 89 a 78 a 97 a    83 a 72 a  78 a 64 a 93 a  66 a 
6.5 * Zn 87 a 90 a 85 a 88 a 84 a 97 a    65 b 73 a  53 b 64 a 76 a  55 ab 
6.5 * Mn 84 a 88 a 80 a 85 a 93 a 97 a    80 a 71 a  76 ab 68 a 92 a  59 ab 
9 * Zn 82 a 90 a 79 a 88 a 91 a 97 a    73 ab 69 a  69 ab 60 a 81 a  42 b 





Table 4.12 P-value for main effects and interactions of carrier water pH, foliar fertilizer, and ammonium sulfate (AMS) for giant 
ragweed, horseweed, and Palmer amaranth control and biomass reduction at 3 wk after glufosinate application.a  
a Glufosinate was applied at 298 g ai ha-1. Data were arcsine square root transformed and combined over experiment runs. 
b Water pH level consisted of 4, 6.5, and 9; foliar fertilizer consisted of zinc (2.5 L ha-1), manganese (3.75 L ha-1), or no fertilizer; 







Giant ragweed  Horseweed  Palmer amaranth 
Control 
Biomass  
reduction  Control 
Biomass 




Water pH (pH) 0.0035 0.041  NS NS  0.0023 0.045 
Foliar fertilizer (Fert) NS NS  NS NS  NS NS 
Ammonium sulfate (AMS) <.0001 0.002  NS NS  NS NS 
pH*Fert NS NS  NS NS  NS NS 
pH*AMS NS NS  NS NS  0.0052 NS 
Fert*AMS NS NS  NS NS  NS NS 





Table 4.13 Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth at 3 wk after glufosinate 
application as affected by carrier water pH, foliar fertilizer, and ammonium sulfate (AMS).ab 
a Glufosinate was applied at 0.298 kg ai ha-1. Data were combined over two experiment runs. 
b Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth were arcsine square root transformed. 
Mean separation within a column is among the levels of each factor and based on adjusted Tukey at α = 0.05. 
c Water pH was adjusted to 4, 6.5, or 9 using pH buffer salts; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 




Giant ragweed  Horseweed  Palmer amaranth 
Controlc 
Biomass  
reduction  Control 
Biomass 




Water pH (pH)         
4 85 a 66 a  85 a 69 a  85 a 86 a 
6.5 80 ab 63 ab  83 a 68 a  75 ab 82 ab 
9 75 b 58 b  84 a 71 a  68 b 79 b 
Foliar fertilizer (Fert)         
Zn 80 a 62 a  83 a 69 a  74 a 82 a 
Mn 80 a 61 a  83 a 68 a  75 a 83 a 
No 82 a 64 a  85 a 69 a  81 a 83 a 
Ammonium sulfate (AMS)         
0 75 b 59 b  83 a 68 a  75 a 80 a 





Table 4.14 Control, plant density, and biomass reduction of horseweed and Palmer amaranth at 4 wk after mesotrione application 
as affected by carrier water pH, foliar fertilizer, and interaction of water pH and foliar fertilizer.ab  
a Mesotrione was applied at 0.105 kg ai ha-1 and COC was added at 1% v/v of total spray solution. 
b Control, plant density and biomass reduction percent of each species were arcsine square root transformed and separated by 
experiment year. Mean separation within a column among the levels of each factor and based on adjusted Tukey’s at α ≤ 0.05.  
c Water pH level consisted of 4, 6.5, and 9; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 L ha-1).  
Factorc 










2014 2015 2014 2015 2014 2015  2014 2015 2014 2015 2014 2015 
 ─────────────────────────────%───────────────────────────── 
Water pH (pH)  
4   65 b 66 a 56 b 58 a 53 b 81 a  67 a 67 a 57 a 58 a 39 a 59 a 
6.5   76 a 68 a 71 a 61 a 82 a 81 a  67 a 64 a 61 a 54 a 37 a 62 a 
9   63 b 63 a 57 b 57 a 77 ab 88 a  70 a 63 a 66 a 55 a 40 a 45 a 
Foliar fertilizer (Fert)              
Zn   67 a 67 a 60 a 64 a 76 a 86 a  62 b 66 a 56 b 57 a 35 b 55 a 
Mn   69 a 64 a 62 a 54 b 67 a 81 a  74 a 64 a 67 a 55 a 42 a 58 a 
pH*Fert              
4 * Zn   65 bc 69 a    59 bc 62 a 64 a 86 a  63 a 67 a 53 a 59 a 43 a 61 a 
4 * Mn   65 abc 64 a 53 c 54 a 43 a 74 a  71 a 68 a 61 a 58 a 35 a 57 a 
6.5 * Zn   75 ab 69 a   69 ab 69 a 82 a 80 a  61 a 65 a 55 a 52 a 40 a 62 a 
6.5 * Mn   77 a 66 a 73 a 52 a 83 a 82 a  73 a 63 a 67 a  55 a 33 a 63 a 
9 * Zn   60 c 63 a 52 c 60 a 82 a 91 a  61 a 65 a 60 a 59 a 33 a 38 a 





Table 4.15 P-value for main and interaction effects of carrier water pH, foliar fertilizer, and plant height for horseweed control; 
height and biomass reduction at 4 wk after mesotrione application.ab  
a Mesotrione was applied at 0.105 kg ai ha-1 and COC was added at 1% v/v of total spray solution. 
b Control, plant height and biomass reduction percent were arcsine square root transformed and separated by experiment year.  
c Water pH level consisted of 4, 6.5, and 9; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 L ha-1); and plant 






 Control  Height reduction  
Biomass reduction Factorc 2014 2015  2014 2015  
 ────────────────────────P-value────────────────────── 
Water pH (pH) 0.01 NS  NS NS  0.0121 
Foliar fertilizer (Fert) NS NS  NS NS  0.0283 
Plant height (Ht) <.0001 <.0001  <.0001 <.0001  <.0001 
pH*Fert 0.0096 NS  0.0163 NS  NS 
pH*Ht NS NS  NS NS  NS 
Fert*Ht NS NS  NS NS  NS 





Table 4.16 Percent control, height and dry weight reduction of horseweed at 4 wk after mesotrione application as affected by 
carrier water pH, foliar fertilizer, and plant height.ab 
a Mesotrione was applied at 0.105 kg ai ha-1 and COC was added at 1% v/v of total spray solution. 
b Control, plant height and dry weight reduction percent of horseweed were arcsine square root transformed and separated by 
experiment year. Mean separation within a column among the levels of each factor and based on adjusted Tukey’s at α ≤ 0.05.  
c Water pH level consisted of 4, 6.5, and 9; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 L ha-1); and plant 
were at 7.5-, 12.5-, or 17.5-cm tall during spraying.  
 
 
 Control  Height reduction  
Biomass reduction Factorc 2014 2015  2014 2015  
 ────────────────────────%───────────────────────── 
Water pH        
4   79 ab 93 a  71 b 90 a    75 ab 
6.5 87 a 88 a  79 a 89 a  82 a 
9 74 b 84 a  71 b 84 a  72 b 
Foliar fertilizer        
Zn 77 a 87 a  70 a 87 a  73 b 
Mn 83 a 91 a  77 a 89 a  80 a 
Plant height        
7.5 96 a 99 a  91 a 99 a  89 a 
12.5 75 b 89 b  68 b 85 b  74 b 





Table 4.17 P-value for main and interaction effects of carrier water pH, foliar fertilizer, and ammonium sulfate (AMS) for giant 
ragweed, horseweed, and Palmer amaranth control and biomass reduction at 3 wk after mesotrione application.ab  
a Mesotrione was applied at 0.079 kg ai ha-1 and COC was added at 1% v/v of total spray solution. Data were arcsine square root 
transformed and combined over experiment runs. 
b Water pH level consisted of 4, 6.5, and 9; foliar fertilizer consisted of zinc (2.5 L ha-1), manganese (3.75 L ha-1), or no fertilizer; 





 Giant ragweed  Horseweed  Palmer amaranth 
Factor Control 
Biomass 
reductionc  Control 
Biomass 




Water pH (pH) NS NS  0.0111 NS  NS NS 
Foliar fertilizer (Fert) NS NS  0.0023 NS  NS NS 
Ammonium sulfate (AMS) 0.0005 NS  <.0001 NS  <.0001 0.0454 
pH*Fert NS NS  NS NS  NS NS 
pH*AMS NS NS  NS NS  0.0117 NS 
Fert*AMS NS NS  NS NS  NS NS 





Table 4.18 Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth at 3 wk after mesotrione 
application as affected by carrier water pH, foliar fertilizer, and ammonium sulfate (AMS).ab 
a Mesotrione was applied at 0.079 kg ai ha-1 and COC was added at 1% v/v of total spray solution. Data were combined over two 
experiment runs. 
b Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth were arcsine square root transformed. 
Mean separation within a column is among the levels of each factor and based on adjusted Tukey at α = 0.05. 
c Water pH was adjusted to 4, 6.5, or 9 using pH buffer salts; foliar fertilizers consisted of zinc (at 2.5 L ha-1), manganese (at 3.75 
L ha-1) or no fertilizer; and AMS was applied either 0 or 2.5% v/v. 
Factorc 
Giant ragweed  Horseweed  Palmer amaranth 
Control 
Biomass 
reductiond  Control 
Biomass 




Water pH         
4 58 a 59 a  43 b 33 a  39 a 54 a 
6.5 52 a 58 a  48 a 31 a  40 a 48 a 
9 58 a 58 a  46 ab 35 a  42 a 55 a 
Foliar fertilizer         
Zn 56 a 58 a  43 b 31 a  41 a 51 a 
Mn 54 a 59 a  46 ab 33 a  38 a 47 a 
No 58 a 58 a  48 a 35 a  40 a 49 a 
Ammonium sulfate         
0 51 b 57 a  43 b 32 a  36 b 48 b 






CHAPTER 5. EFFECT OF CARRIER WATER HARDNESS AND WATER 
CONDITIONING ADJUVANT ON HERBICIDE EFFICACY 
5.1. Abstract 
Spray water quality is an important consideration for optimizing herbicide 
efficacy. Presence of hardness cations in the carrier water can influence herbicide 
performance. Greenhouse studies were conducted to evaluate the influence of hard water 
cations and water conditioning adjuvant on efficacy of dicamba; premixed dicamba plus 
glyphosate; 2,4-D choline; premixed 2,4-D choline plus glyphosate; glufosinate; and 
mesotrione for weed control. Carrier water hardness was established at 0, 200, 400, 600, 
800, or 1000 mg L-1, and with or without water conditioning adjuvant. Water 
conditioning adjuvant consisted of potassium phosphate dibasic (PPD) used at 0 or 2% 
v/v with dicamba and its premixed with glyphosate, or ammonium sulfate (AMS) used at 
0 or 2.5% v/v with other four herbicides. Interaction of carrier water hardness and water 
conditioning adjuvant was not observed in most of the herbicides and weed species, 
except giant ragweed control with 2,4-D choline and its premixed formulation with 
glyphosate, and Palmer amaranth control with glufosinate. Increased carrier water 
hardness showed a linear trend for reducing herbicide efficacy for giant ragweed, 
horseweed, and Palmer amaranth control. Increased carrier water hardness from 0 to 1000 
mg L-1 reduced dicamba and premixed dicamba plus glyphosate efficacy at least 14 and 





efficacy was reduced at least 20 and 12%, respectively, and glufosinate and mesotrione 
efficacy for weed control was reduced at least 17 and 18%, respectively, with increased 
water hardness from 0 to 1000 mg L-1. Use of water conditioning adjuvant enhanced 
herbicide performance for weed control in most of the cases. The addition of DPP 
resulted at least 12 and 9% greater efficacy of dicamba and premixed dicamba plus 
glyphosate, respectively, in the presence of Ca2+ and Mg2+ cations. Likewise, the addition 
of AMS improved giant ragweed, horseweed, and Palmer amaranth control at least 17 
and 10% greater for 2,4-D choline and 2,4-D choline plus glyphosate application, 
respectively. Use of AMS enhanced glufosinate efficacy for giant ragweed and Palmer 
amaranth control; while, horseweed control remained unaffected. The addition of AMS 
enhanced mesotrione efficacy at least 9, 6, or 9% for giant ragweed, horseweed, and 
Palmer amaranth control, respectively. Therefore, carrier water hardness >200 mg L-1 has 
potential to reduce newer formulation of dicamba or 2,4-D and their premixed 
formulation with glyphosate, glufosinate, and mesotrione efficacy. Use of water 
conditioning adjuvant such as DPP or AMS have a potential to enhance herbicide 
efficacy when hardness cations are present in the carrier water.  
 
5.2. Introduction 
Water is the primary carrier for herbicide application and consists of majority of 
the spray solutions (Stahlman and Phillips 1979US). Herbicide carrier water is generally 
obtained from an underground source because it is readily available and cost effective. 





water passes to underground reservoirs and mineral compositions of the bed rock (Freeze 
and Cherry 1979). Water hardness is primarily dependent on the concentration of cations 
such as calcium (Ca2+) and magnesium (Mg2+) in water, and is expressed as an equivalent 
of calcium carbonate (CaCO3) in milligrams per liter (mg L-1). To some extent other 
metal cations such as zinc (Zn2+), manganese (Mn2+), and iron (Fe2+) also influence 
carrier water hardness. In the Midwestern United States (US), underground aquifers are 
comprised of limestone bedrock which contributes to higher concentration of Ca2+ and 
Mg2+, and results into higher level of water hardness (IDNR 1980). In Indiana, Ca2+ and 
Mg2+ cations concentration in the groundwater ranges from 0 to 400 mg L-1 and 0 to 115 
mg L-1, respectively, with total hardness ranging from 50 to 1250 mg L-1 (IDNR 1999). 
Hard water cations present in the spray solution and its negative influence on herbicide 
efficacy has been reported as early as 1976 (Hanson and Rieck 1976; Nalewaja and 
Matysiak 1991). 
Various studies have been conducted to evaluate the influence of hard water 
cations on herbicide efficacy (Buhler and Burnside 1983; Nalewaja and Matysiak 1993; 
Roskamp et al. 2013; Zollinger et al. 2010). Presence of cations in underground water 
sources and its negative influence on weak acid herbicides efficacy have been well 
documented (Hanson and Rieck 1976; Nalewaja and Matysiak 1992a; Mueller et al. 
2006; Roskamp et al. 2013). Many of these studies have focused on the efficacy of 
glyphosate, a weak acid herbicide, applied with carrier water consisting of calcium, 
magnesium, iron, zinc, and aluminum (Abouziena et al. 2009; Buhler and Burnside 1983; 





McWhorter 1985). These researchers concluded that efficacy of glyphosate is reduced 
when applied in presence of hard water cations. Buhler and Burnside (1983) reported that 
glyphosate efficacy was reduced by the presence of 10-mM of calcium chloride (CaCl2), 
magnesium sulfate (MgSO4), zinc sulfate (ZnSO4), and iron sulfate (FeSO4) in the spray 
solution. Similarly, glyphosate applied with spray solutions containing Ca2+ at 50 mg L-1 
exhibited reduced activity on wheat (Triticum aestivum L.) (Shea and Tupy 1984). 
Glyphosate applied with Ca2+ or Mg2+ cations at a concentration >250 mg L-1 had 
reduced control of yellow nutsedge (Cyperus esculentus L.), broadleaf signalgrass 
(Urochloa platyphylla (Griseb.) Nash), pitted morningglory (Ipomoea lacuonosa L.), and 
Palmer amaranth (Amaranthus palmeri L.) (Mueller et al. 2006). Thelen et al. (1995) 
reported that Ca2+ and Mg2+ cations replaced the isopropylamine salt from the glyphosate 
acid and formed inactive salt-complex with glyphosate anion. Calcium present in the 
spray solution reduced glyphosate absorption into the plant due to Ca2+ associating with 
the carboxylic group and phosphonate group present in glyphosate (Thelen et al. 1995). 
Dicamba and 2,4-D are weak acid herbicides and a member of auxin herbicide 
group (Grossmann 2010). Previous studies conducted to evaluate auxin herbicides with 
respect to water quality have reported antagonistic effect of hard water cations present in 
the carrier water (Nalewaja et al.1991; Roskamp et al. 2013; and Woznica et al. 2003). 
Reduced dicamba and 2,4-D efficacy on kochia (Kochia scoparia (L.) schard) has been 
reported with water containing 400 to 800 mg L-1 of Ca2+ or Mg2+ cations (Nalewaja and 





spray solution antagonized the effect of 2,4-D plus glyphosate on wheat (Nalewaja and 
Matysiak 1992a).  
The molecular structure of glufosinate is similar to glyphosate which leads to the 
speculation that carrier water quality factors have the potential to influence glufosinate 
efficacy. Few research studies have evaluated hard water antagonism on glufosinate 
efficacy, and these studies show differing results (Pratt et al. 2003; Soltani et al. 2011; 
Zollinger et al. 2010). According to Pratt et al. (2003) and Zollinger et al. (2010) 
glufosinate efficacy was reduced on velvetleaf (Abutilon theophrasti Medik.) when 
applied with hard water; while, these result were contradictory to the results found by 
Soltani et al. (2011). Similar to glufosinate, there is limited information on the effect of 
hard water cations on HPPD herbicide efficacy. Zollinger et al. (2010) reported that 
efficacy of tembotrione, a 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitor 
herbicide, was antagonized by the presence of hard water cations.  
Ammonium sulfate (AMS) or diammonium sulfate is a water conditioning 
adjuvant widely recommended for herbicide application in areas where hard water is 
prevalent (Hartzler 2001). AMS is reported to prevent the antagonistic effect of hard 
water cations on weak acid herbicides and improve herbicide efficacy (Nalewaja and 
Matysiak 1993; O’Sullivan et al. 1981). The sulfate ion of AMS binds with cations such 
as Ca2+, Mg2+, K+, Na+ in water, whereas ammonium ions of the AMS makes a complex 
with herbicide molecule (Thelen et al. 1995). Activity of glyphosate was enhanced by 
addition of AMS in spray water consisting of Ca2+ (Nalewaja and Matysiak 1991), and 





and cell membrane (Thelen et al. 1995). The newer low volatility formulation of dicamba 
and its premixed formulation with glyphosate will restrict the use of AMS because 
ammonium salt forms volatile salt of dicamba. The dipotassium phosphate (DPP) is being 
evaluated as a potential substitute for AMS for using with newer formulation of dicamba 
and premixed dicamba plus glyphosate. Zollinger et al. (2016) evaluated the use of DPP 
with dicamba plus glyphosate and reported that DPP has potential to overcome mineral 
antagonism of herbicide.   
Without any published reports, our current knowledge on the effect of carrier 
water hardness on herbicide formulations used on currently existing LibertyLink crop 
system and upcoming Roundup Ready 2 XtendTM, EnlistTM, HPPD, and MGI crop 
systems is limited. The information on the influence of carrier water hardness and water 
conditioning adjuvant will be critical for optimizing herbicide spray solution for the 
upcoming herbicide resistant crop systems. Newer formulations of dicamba; premixed 
formulation of dicamba plus glyphosate; 2,4-D choline; premixed formulation of 2,4-D 
choline plus glyphosate; glufosinate; and mesotrione herbicide could be applied at wide 
range of water hardness levels. Therefore, studies evaluating effect of carrier water 
hardness are needed to understand if there is a negative effect of hard water cations on the 
performance of these herbicide products. Additionally, water conditioning adjuvant 
should be evaluated to determine their potential to overcome the hard water antagonism 
on the newer herbicide formulations. Therefore, research was conducted with the 
objective to evaluate the effect of carrier water hardness and water conditioning adjuvant 





premixed formulation of 2,4-D choline plus glyphosate; glufosinate; and mesotrione for 
weed control. The hypothesis for this research was that carrier water hardness reduces 
dicamba; premixed formulation of dicamba plus glyphosate; 2,4-D choline; premixed 
formulation of 2,4-D choline plus glyphosate; glufosinate; and mesotrione efficacy, and 
addition of water conditioning adjuvant such as potassium phosphate dibasic (DPP) or 
ammonium sulfate (AMS) can overcome the hard water antagonism on these herbicide 
formulations.  
5.3. Materials and Methods 
Greenhouse studies were conducted in spring and fall of 2015 to evaluate the 
effect of carrier water hardness and water conditioning adjuvant on herbicide efficacy. 
De-ionized water was used to create hardness levels at 0, 200, 400, 600, 800, or 1000 
milligrams per liter (mg L-1). Calcium (calcium chloride dihydrate, granular; Macron 
Fine Chemicals, Avantor Performance Materials, Inc., Center Valley, PA) and 
magnesium (magnesium sulfate anhydrous; Fisher Scientific, Pittsburgh, PA) was used at 
3:1 ratio to create water hardness. Water conditioning agent PPD (MON 10; 50% 
potassium phosphate dibasic, Monsanto Company, St. Louis, MO 63167) was used to 
evaluate the activity of: dicamba (Engenia, BASF, Research Triangle Park, NC); and 
dicamba plus glyphosate (MON 76832; monoethanolamine (MEA) salt of glyphosate 
(37.94%), diglycolamine (DGA) salt of dicamba (18.82%), surfactant (≤ 3%), and 
formulating ingredients (≤ 40.24%); Monsanto company, St. Louis, MO) efficacy. 





MN) was used as water conditioning adjuvant to evaluate the activity of: 2,4-D choline 
(GF-2654; 456 g ae L-1 formulation of 2,4-D choline salt; Dow AgroSciences, 
Indianapolis, IN); premix of 2,4-D choline plus glyphosate (Enlist Duo® herbicide; 195 
and 205 g ae L-1 formulation of choline and dimethylammonium salt of 2,4-D and 
glyphosate, respectively; Dow AgroSciences, Indianapolis, IN); glufosinate (Liberty® 
280, glufosinate ammonium at 24.5%; Bayer CropSciences, Research Triangle Park, 
NC); and 4) mesotrione (Callisto®, Syngenta Crop Protection Inc., Greensboro, NC). 
Separate studies were conducted for each herbicide to evaluate the effect of carrier water 
hardness and water conditioning adjuvant for control of giant ragweed (Ambrosia trifida 
L.), horseweed (Conyza canadensis (L.) Cronq.), and Palmer amaranth.  
Giant ragweed, horseweed, and Palmer amaranth were established using potting 
medium (Redi-Mix, Sun-Gro Redi-Earth Plug and Seedling Mix, Sun-Gro Horticulture, 
Bellevue, WA). Horseweed, giant ragweed, and Palmer amaranth seeds were planted and 
germinated on 26 x 26 x 6 cm3 poly-flats using potting medium. Seedlings at the 1- to 2-
true-leaf stage were transplanted in 164 cm3 cone-container (Ray Leach SC-10 Super Cell 
Cone-tainers, Stuewe & Sons, Tangent, OR) filled with potting medium. Transplants 
were watered daily and fertilized weekly [Miracle-Gro® Water Soluble All Purpose Plant 
Food (24-8-16), Scotts Miracle-Gro Products Inc., Marysville, OH]. The greenhouse was 
maintained with minimum and maximum temperature of 25 to 28 C, respectively, and 
lighting was used to provide a 16-h photoperiod.  
Treatments consisted of a two-way factorial of carrier water hardness and water 





hardness level using a hardness test kit (Total Hardness Test Kit; HACH, Loveland, Co). 
After preparing water samples at appropriate hardness level, water conditioning adjuvant: 
PPD at 0 or 2% v/v; or AMS at 0 or 2.5% v/v of total spray solution, was added to the 
appropriate treatments before mixing the herbicide. In addition, a nontreated control was 
included for comparison. Herbicides were applied at following rate: dicamba at 0.28 kg 
ae ha-1; premixed dicamba plus glyphosate at 0.209 plus 0.422 kg ae ha-1; 2,4-D choline 
at 0.28 kg ae ha-1; 2,4-D choline plus glyphosate at 0.266 plus 0.283 kg ae ha-1; 
glufosinate at 0.298 kg ai ha-1; and mesotrione at 105 g ai ha-1. Crop oil concentrate was 
added at 1% v/v of total spray solution to the treatments consisting of mesotrione. 
Treatments were applied to 10- to 15-cm tall giant ragweed, 6- to 8-cm rosette diameter 
horseweed, and 8- to 12-cm tall Palmer amaranth. Treatments were applied using 
compressed air-track sprayer at 140 L ha-1 with a TeeJet 8002EVS nozzle (TeeJet 
Technologies, Spraying Systems Co.) and a spraying speed of 4.8 km hr-1. Plants were 
grown in the greenhouse for 3 wk after treatment (WAT). 
Data Collection and Statistical Analysis. Studies were conducted in a randomized 
complete block design with 5 replications and repeated over time. Data were collected for 
percent control and percent biomass reduction. Visual estimates of percent control were 
recorded at weekly interval for 3 WAT and shoot biomass was harvested. After 
harvesting, plant tissue was dried and biomass was converted to percent biomass 
reduction compared to the nontreated check. Data were analyzed separately for each 
herbicide and weed species using PROC GLM in SAS version 9.4. Data were pooled 





of covariance (ANCOVA) at α ≤ 0.05 to determine the effect of water conditioning 
adjuvant as a class variable and water hardness as a regression variable. Both the linear 
and quadratic terms of the regression variable were included in the model to establish the 
relationship with the class variable. The difference between the slope of regression lines 
were determined by significant interaction effect of water conditioning adjuvant and 
water hardness. The relationship between treatments with or without water conditioning 
adjuvant and water hardness was established most accurately with the linear model as: 
    y = mx + b,     [1] 
Where, y is the percent control (or percent biomass reduction), m is the slope, x is 
the water hardness in mg L-1, and b is the intercept established by water conditioning 
adjuvant treatments.  
Likewise, mean separation between with and without water conditioning agent 
treatment was performed with Adjusted Tukey at P ≤ 0.05 on the data pooled over water 
hardness levels.  
5.4. Results and Discussion 
5.4.1. Carrier Water Hardness and Potassium Phosphate Dibasic on Dicamba Efficacy 
The ANCOVA showed a non-significant (P = 0.618) interaction between water 
hardness and PPD treatments for giant ragweed control with dicamba. The main effect of 
water hardness (P < 0.0001) and PPD (P = 0.0013) was significant for giant ragweed 





a similar slope in the absence or presence of PPD as a water conditioning adjuvant. The 
increased water hardness from 0 to 1000 mg L-1 reduced dicamba efficacy for giant 
ragweed control with a linear slope of -0.02 and -0.016 in the presence and absence of 
PPD, respectively (Figure 5.1). The giant ragweed control decreased from 56 to 42% with 
increased water hardness from 0 to 1000 mg L-1. However, the intercept of linear model 
was greater with the addition of PPD for dicamba application. With the addition of PPD, 
giant ragweed control decreased from 74 to 53% when water hardness increased from 0 
to 1000 mg L-1. Mean separation on data averaged across water hardness levels showed 
that giant ragweed control was at least 12% greater with the addition of PPD compared to 
without PPD (Table 5.1). Dicamba efficacy for giant ragweed biomass reduction was 
unaffected by interaction (P = 0.518) of carrier water hardness and water conditioning 
adjuvant (Figure 5.1). Likewise, there was no influence of carrier water hardness on 
dicamba efficacy for giant ragweed biomass reduction. The slope of linear model for 
giant ragweed biomass reduction with increased water hardness was -0.0036 and -
0.00021 in the absence and presence of PPD for dicamba application.  
There was no significant interaction (P = 0.206) of water hardness and water 
conditioning adjuvant for dicamba efficacy on horseweed control. The increased water 
hardness negatively influenced dicamba efficacy on horseweed control either in the 
absence or presence of PPD. Horseweed control was reduced from 72 to 50%, with the 
slope of -0.022, in the absence of PPD (Figure 5.2). In the presence of PPD, horseweed 
control with dicamba was reduced from 82 to 63% with the slope of -0.017. Data 





with dicamba in the absence or presence of PPD (Table 5.1). For dicamba application, 
horseweed control was 12% lesser in the absence of PPD compared to the addition of 
PPD in the spray solution. The interaction of carrier water hardness and water 
conditioning adjuvant was non-significant (P = 0.709) on dicamba for horseweed 
biomass reduction. Likewise, effect of carrier water hardness was not observed (P = 
0.629) on dicamba for horseweed biomass reduction. The linear slope for horseweed 
biomass reductions were 0.00026 and -0.0021 in the absence and presence of PPD 
(Figure 5.2). The effect of water conditioning adjuvant was significant (P = 0.0044) on 
dicamba efficacy for horseweed biomass reduction. The difference in horseweed biomass 
reduction with dicamba was at least 10% in the absence compared to presence of PPD 
(Table 5.1).  
The interaction of water hardness and AMS did not affect (P = 0.775) dicamba 
efficacy for Palmer amaranth control. While, the effect of carrier water hardness was 
significant (P = 0.005) for Palmer amaranth control with dicamba. The increased water 
hardness reduction of Palmer amaranth control with dicamba was similar either in the 
presence or absence of PPD. Without PPD, Palmer amaranth control was reduced from 
79 to 51% with the slope of -0.02 as water hardness increased from 0 to 1000 mg L-1, 
respectively (Figure 5.3). Similarly, with the addition of PPD, Palmer amaranth control 
was reduced from 86 to 66% with the slope of -0.017 with increased water hardness from 
0 to 1000 mg L-1. There was a difference in Palmer amaranth control with dicamba when 
applied in the absence or presence of PPD. Combined across water hardness, a 





controlled Palmer amaranth at least 16% lesser compared to with PPD (Table 5.1). 
Palmer amaranth biomass reduction was unaffected (P= 0.0781) by interaction of carrier 
water hardness and water conditioning adjuvant. Likewise, effect of carrier water 
hardness was non-significant (P = 0.442) on dicamba activity for Palmer amaranth 
biomass reduction. Data pooled over water hardness showed that Palmer biomass 
reduction with dicamba was different (P = 0.0085) in the absence compared to presence 
of PPD. Palmer amaranth biomass reduction with dicamba was 8% lesser without PPD 
compared to with the PPD (Table 5.1).  
The current study illustrated that increased hard water cations concentration in the 
carrier water linearly reduced the efficacy of low volatility formulation of dicamba for 
giant ragweed, horseweed, and Palmer amaranth control. According to Nalewaja and 
Matysiak (1993), efficacy of dimethylamine dicamba on kochia was reduced 50% with 
presence of Ca2+ concentration at 800 mg L-1 in the carrier water. Similarly, authors 
reported that efficacy of sodium salt of dicamba formulation on kochia was reduced 25% 
with the presence of Ca2+ at 800 mg L-1 in the spray water. Water conditioning adjuvant 
enhancement of dicamba efficacy have been reported previously (Nalewaja and Matysiak 
1993, Roskamp et al. 2013). Addition of AMS to carrier water consisting of Ca2+ or Mg2+ 
at 593 or 633 mg L-1 enhanced common lambsquarters (Chenopodium album L.) control 
8 or 13%, respectively, for dicamba application (Roskamp et al. 2013). Additionally, 
authors reported that redroot pigweed (Amaranthus retroflexus L.) control with dicamba 
was enhanced 9% when AMS was added to carrier water consisting of Mg2+ at 633 mg L-





formulation was observed with the use of PPD, which showed that PPD has a potential to 
increase dicamba efficacy when hard water cations are present in the carrier water.  
5.4.2. Carrier Water Hardness and Potassium Phosphate Dibasic on Premixed Dicamba 
plus Glyphosate Efficacy 
ANCOVA resulted a non-significant interaction (P = 0.4125) of water hardness 
and conditioning adjuvant (PPD) for giant ragweed control with premixed dicamba plus 
glyphosate. The result illustrated that slopes of linear models are similar for treatments 
with PPD or without PPD. There was a significant effect (P = 0.0002) of water hardness 
on premixed dicamba plus glyphosate activity for giant ragweed control. The slopes were 
-0.0097 and -0.0015 for the liner models as a function of water hardness in the absence 
and presence of PPD, respectively (Figure 5.4). The giant ragweed control reduction was 
at least 9% with increased water hardness from 0 to 1000 mg L-1 in the absence of PPD. 
While, giant ragweed control was reduced at least 15% with increased water hardness 
from 0 to 1000 mg L-1 in the presence of PPD. Data pooled across water hardness 
illustrated that giant ragweed control with premixed dicamba plus glyphosate was at least 
14% greater with PPD compared to without PPD (Table 5.1). There was no interaction 
effect (P = 0.7812) of water hardness and conditioning adjuvant on premixed dicamba 
plus glyphosate efficacy for giant ragweed biomass reduction. Likewise, increased water 
hardness did not negatively affect premixed dicamba plus glyphosate efficacy for giant 
ragweed biomass reduction (Figure 5.4). The data averaged across water hardness 





dicamba plus glyphosate for giant ragweed biomass reduction. The addition of PPD 
resulted on at least 9% greater giant ragweed biomass reduction compared to without 
PPD for premixed dicamba plus glyphosate application (Table 5.1).   
The interaction effect of water hardness and AMS was not significant (P = 0.758) 
for premixed dicamba plus glyphosate efficacy on horseweed control. The rate of 
horseweed control reduction with premixed dicamba plus glyphosate as affected by the 
increased water hardness did not differ in the absence or presence of PPD. Effect of water 
hardness was significant (P < 0.0001) which illustrated that increased water hardness 
level linearly reduced horseweed control with premixed dicamba plus glyphosate either 
in the presence or absence of PPD (Figure 5.5). Horseweed control with premixed 
dicamba plus glyphosate decreased at least 11 and 9% in the absence and presence of 
PPD, respectively, when water hardness increased from 0 to 1000 mg L-1. Mean 
separation between water conditioning treatments was significant (P < 0.0001). The 
addition of PPD with premixed dicamba plus glyphosate increased horseweed control at 
least 9% greater compared to without PPD (Table 5.1). The ANCOVA illustrated a non-
significant interaction (p = 0.954) between water hardness and water conditioning 
adjuvant (PPD) on premixed dicamba plus glyphosate for horseweed biomass reduction. 
Likewise, horseweed biomass reduction was not influenced with increasing water 
hardness from 0 to 1000 mg L-1. Additionally, there was no difference in horseweed 
biomass reduction with the addition of PPD compared to without PPD for premixed 





The interaction of water hardness and PPD was not significant (P = 0.234) for 
premixed dicamba plus glyphosate activity on Palmer amaranth control. The rate of 
Palmer amaranth control reduction with the increased levels of water hardness for 
dicamba plus glyphosate application did not differ between with or without PPD. Effect 
of water hardness was significant (P < 0.0001) for Palmer amaranth control with 
premixed dicamba plus glyphosate. Increased water hardness from 0 to 1000 mg L-1 
showed a decrease of 24 and 18% for Palmer amaranth control in the absence and 
presence of PPD, respectively (Figure 5.6). When averaged over water hardness, Palmer 
amaranth control was at least 14% greater with PPD compared to without PPD for 
dicamba plus glyphosate application (Table 5.1). There was no interaction of water 
hardness and water conditioning adjuvant (p = 0.721) on dicamba plus glyphosate 
activity for Palmer amaranth biomass reduction. Increased water hardness from 0 to 1000 
mg L-1 lowered Palmer amaranth biomass reduction in a linear trend in the absence or 
presence of PPD. In the absence or presence of PPD, Palmer amaranth biomass 
reductions was at least 13% with increased water hardness from 0 to 1000 mg L-1 (Figure 
5.6). The effect of PPD was significant (P = 0.0267), which showed that Palmer amaranth 
dry matter was lesser with premixed dicamba plus glyphosate formulation applied in the 
presence of PPD compared to without PPD. When combined across water hardness 
treatments, the difference in Palmer amaranth biomass reduction was at least 10% with 
PPD compared to without PPD (Table 5.1). 
Previous research studies evaluating carrier water consisting of Ca2+ or Mg2+ 





solution (Pratt et al. 2003, Mueller et al. 2006; Shilling and Haller 1989). There was a 
difference in Palmer amaranth height when glyphosate was applied without compared to 
with Ca2+ at 250 mg L-1 in the spray solution (Mueller et al. 2006). Moreover, authors 
reported that broadleaf signalgrass, Palmer amaranth, pitted morningglory, and yellow 
nutsedge control with glyphosate was reduced at least 10% with Ca2+ concentration at 
>250 mg L-1. The presence of Mg2+ at a concentration of >250 mg L-1 reduced glyphosate 
efficacy at least 9% on above mentioned weed species (Mueller et al. 2006). Zollinger et 
al. (2016) evaluated the effect of DPP on glyphosate plus dicamba efficacy when carrier 
water consisted of hard water cations and reported that addition of DPP increased 
efficacy of glyphosate plus dicamba compared to without DPP. However, the hard water 
antagonism on herbicide efficacy was not completely overcome by the addition of DPP 
(Zollinger et al. 2016). Authors further reported that enhancement of glyphosate plus 
dicamba efficacy was greater with AMS at 9 lb per 100 gal compared to DPP at 2% v/v 
of total spray solution. The result from current study is similar to the result from 
Zollinger et al. (2016) study where use of DPP at 2% v/v did not completely overcame 
hard water antagonism on tank-mixed dicamba and glyphosate efficacy for weed control. 
At current study, the increased hard water concentration had a linear reduction of 
premixed dicamba plus glyphosate efficacy in the presence of DPP illustrating that DPP 
at 2% v/v was not enough for complete overcoming of hard water antagonism. Therefore, 
the use of DPP at higher rate might have a potential for overcoming antagonism when 






5.4.3. Carrier Water Hardness and Ammonium Sulfate on 2,4-D Choline Efficacy 
The ANCOVA for control of giant ragweed showed a significant (P < 0.05) 
interaction effect of carrier water hardness and AMS. Carrier water hardness reduced 
giant ragweed control linearly with 2,4-D choline, but at different rates in the presence or 
absence of AMS. Increased water hardness reduced giant ragweed control with 2,4-D 
choline at a greater rate in the absence of AMS compared to the presence of AMS, and 
the predicted model slopes were -0.054 and -0.024, respectively, without and with the 
addition of AMS (Figure 5.7). The giant ragweed control was reduced at least 55% with 
increased water hardness from 0 to 1000 mg L-1. However, with the addition of AMS, 
giant ragweed control was reduced at least 24% with increased water hardness from 0 to 
1000 mg L-1. Data pooled over the hardness levels illustrated that giant ragweed control 
with addition of AMS was at least 25% greater compared to without AMS (Table 5.2). 
There was no interaction of water hardness and AMS for giant ragweed biomass 
reduction (Figure 5.7). However, the biomass reduction decreased with increased water 
hardness in the presence and absence of AMS. The biomass reduction of giant ragweed 
decreased linearly with model slopes of -0.0134 and -0.0073 in the absence and presence 
of AMS, respectively, when water hardness increased from 0 to 1000 mg L-1. Similarly, 
data pooled across water hardness treatments illustrated that giant ragweed biomass 
reduction was at least 9% with AMS compared to without AMS for 2,4-D choline 
application (Table 5.2). 
The interaction of water hardness and AMS was not significant for 2,4-D choline 





either in the presence or absence of AMS. Horseweed control was reduced at least 20% 
with increased water hardness of 0 to 1000 mg L-1 in the absence of AMS (Figure 5.8). 
With the addition of AMS, horseweed control was reduced at least 19% when water 
hardness increased from 0 to 1000 mg L-1. Data pooled over water hardness showed that 
horseweed control with 2,4-D choline was at least 20% greater with AMS compared to 
without AMS (Table 5.2). Roskamp et al. (2013) reported 48% increase on horseweed 
control when 2,4-D amine was applied with AMS compared to without AMS in the 
presence of Ca2+ concentration at 590 mg L-1. In the current study, the increase in 
horseweed biomass was 9% with increased water hardness from 0 and 1000 mg L-1 in the 
absence of AMS (Figure 5.8). Data combined over water hardness illustrated that 2,4-D 
choline was more effective (at least 8% greater) for horseweed biomass reduction when 
applied with AMS compared to without AMS (Table 5.2). 
Palmer amaranth control with 2,4-D choline was not affected by the interaction of 
water hardness and AMS. There was a linear trend for Palmer amaranth control reduction 
with increased water hardness in the presence or absence of AMS. Without AMS, Palmer 
amaranth control was reduced at least 28% (with the model slope of -0.028) as water 
hardness increased from 0 to 1000 mg L-1 (Figure 5.9). Similarly, with the addition of 
AMS Palmer amaranth control was reduced at least 25% (with the model slope of -0.024) 
when water hardness increased from 0 to 1000 mg L-1. A comparison between the AMS 
treatments combined across water hardness showed that 2,4-D choline applied with AMS 
controlled Palmer amaranth at least 17% greater compared to without AMS (Table 5.2). 





amine applied with AMS compared to without AMS when spray solution consisted Ca2+ 
concentration at 590 mg L-1. ANCOVA showed a significant interaction of water 
hardness and AMS on 2,4-D choline activity for Palmer amaranth biomass reduction. In 
the absence of AMS, percent biomass was reduced at a greater rate (with the slope of -
0.039) as water hardness level increased from 0 to 1000 mg L-1 (Figure 5.9). In contrast, 
with addition of AMS the percent biomass was reduced with the model slope of -0.016 
when water hardness increased from 0 to 1000 mg L-1. Likewise, the Palmer amaranth 
percent biomass reduction was at least 28% with 2,4-D choline applied with AMS 
compared to without AMS (Table 5.2). 
In this study, efficacy of 2,4-D choline on giant ragweed, horseweed, and Palmer 
amaranth was reduced with increased levels of hardness cations in the carrier water. The 
addition of AMS enhanced 2,4-D choline efficacy for giant ragweed, horseweed, and 
Palmer amaranth control. Results of this study are in agreement with other studies which 
showed that the presence of Ca2+ and Mg2+ cations in carrier water reduced efficacy of 
2,4-D on common lambsquarters, redroot pigweed, horseweed, and kochia (Nalewaja et 
al. 1991; and Nalewaja and Matysiak 1993; Roskamp et al. 2013). Moreover, authors 
have reported that addition of AMS increased 2,4-D activity on the above mentioned 
studies. The increase in herbicide activity with AMS has also been attributed to improved 
herbicidal movement through leaf cuticle because of the ammonium ion present in AMS 
binds with weak acid herbicides (Wanamarta et al. 1989). Likewise improved absorption 
of chlorimuron, imazapyr, and imazethapyr herbicides have been reported with the 





5.4.4. Carrier Water Hardness and Ammonium Sulfate on Premixed 2,4-D Choline plus 
Glyphosate Efficacy 
ANCOVA showed a significant interaction (P = 0.0093) between carrier water 
hardness and AMS for giant ragweed control with premixed 2,4-D choline plus 
glyphosate. This interaction was primarily driven by the difference in the slope of 
predicted model for giant ragweed control reduction with the increased water hardness 
levels either in absence or presence of AMS (figure 5.10). The slopes were -0.021 and -
0.011 for the predicted regression models as a function of increased water hardness in the 
absence or presence of AMS, respectively. The giant ragweed control reduction was at 
least 21% with increased water hardness from 0 to 1000 mg L-1 in the absence of AMS. 
While, giant ragweed control was reduced at least 12% with increased water hardness 
from 0 to 1000 mg L-1 in the presence of AMS. Data pooled across water hardness 
illustrated that giant ragweed control with premixed 2,4-D choline plus glyphosate was at 
least 10% greater with AMS compared to without AMS (Table 5.2). There was no 
interaction of water hardness and AMS on premixed 2,4-D choline plus glyphosate for 
giant ragweed biomass reduction. Likewise, an increase in water hardness levels did not 
have a negative influence on 2,4-D choline plus glyphosate activity for giant ragweed 
biomass reduction (Figure 5.10). However, 2,4-D choline plus glyphosate showed 
increased activity with AMS compared to without AMS for giant ragweed biomass 
reduction. Treatments without AMS resulted into giant ragweed biomass reduction at 





The interaction between water hardness and AMS for horseweed control was not 
significant. This suggests that the rate of reduction of horseweed control with the 
increased water hardness did not differ with or without AMS for premixed 2,4-D choline 
plus glyphosate. Increased water hardness level reduced horseweed control linearly either 
in the presence or absence of AMS for 2,4-D choline plus glyphosate application (Figure 
5.11). Horseweed control with 2,4-D choline plus glyphosate decreased at least 21 and 
12% in the presence and absence of AMS, respectively, with increased water hardness 
from 0 to 1000 mg L-1. Data combined across water hardness treatments showed that 
addition of AMS with premixed 2,4-D choline plus glyphosate increased horseweed 
control at least 13% greater compared to without AMS (Table 5.2). The ANCOVA 
illustrated a non-significant interaction between water hardness and AMS on premixed 
2,4-D choline plus glyphosate for horseweed biomass reduction. Horseweed biomass 
reduction remained unaffected with increasing water hardness from 0 to 1000 mg L-1. 
Magnitude of predicted linear model was greater for horseweed biomass reduction with 
the addition of AMS compared to without AMS treatment (Figure 5.11). The intercept for 
the linear model was 46% with the addition of AMS in spray solution, which was greater 
compared to the intercept of 39% for the linear model without AMS. Likewise, 
horseweed biomass reduction was at least 6% with the addition of AMS compared to 
without AMS for premixed 2,4-D choline plus glyphosate application (Table 5.2). 
The interaction of water hardness and AMS was non-significant for 2,4-D choline 
plus glyphosate activity on Palmer amaranth. The rate of Palmer amaranth control 





AMS. However, magnitude of Palmer amaranth control was greater in the presence of 
AMS compared to without AMS (Figure 5.12). Premixed 2,4-D choline plus glyphosate 
showed a linear decrease of Palmer amaranth control at least 27 and 26% in the presence 
and absence of AMS, respectively, with increased water hardness from 0 to 1000 mg L-1. 
When averaged over water hardness, Palmer amaranth control was at least 14% greater 
with addition of AMS compared to without AMS for 2,4-D choline plus glyphosate 
application (Table 5.2). There was no interaction of water hardness and AMS on 2,4-D 
choline plus glyphosate activity for Palmer amaranth biomass reduction. In the presence 
and absence of AMS, Palmer amaranth biomass reduction was at least 23 and 30%, 
respectively, with increased water hardness from 0 to 1000 mg L-1 (Figure 5.12). The 
effect of AMS was significant, which showed that Palmer amaranth dry matter was lesser 
in the presence of AMS compared to without AMS for 2,4-D choline plus glyphosate 
application. When combined across water hardness treatments, Palmer amaranth biomass 
reduction was at least 9% with AMS compared to without AMS (Table 5.2). 
Previous research studies evaluating carrier water hardness have reported that 
efficacy of glyphosate decreased with presence of hard water cations in the spray solution 
(Nalewaja and Matysiak 1991, 1992a; Sandberg et al. 1978; Stahlman and Phillips 1979). 
The increased Ca2+ concentration from 0 to 800 mg L-1 increased tall morningglory 
(Ipomoea purpurea (L.) Roth) biomass from 0.6 to 1.1 g plant-1 for glyphosate 
application at 1.68 kg ha-1 (Sandberg et al. 1978). Nalewaja and Matysiak (1991) reported 
that fresh weight reduction of wheat was 75, 49, and 0% when glyphosate was applied 





solution, respectively. Similarly, percent fresh weight reduction was from 89 to 0% on 
kochia, 90 to 7% on sunflower (Helianthus annuus L.); and 96 to 11% on soybean 
(Glycine max (L.) Merrill) when glyphosate was applied without cations compared to 500 
mg L-1 of Ca2+ cation in the spray solution (Nalewaja and Matysiak 1992a). Enhancement 
of glyphosate efficacy was reported with the use of AMS in the presence of hard water 
cations (Mueller et al 2006; Thelen et al 1995). Thelen et al. (1995) reported that 
glyphosate absorption in sunflower decreased from 32.5% without Ca2+ to 6.5% in the 
presence of 500 mg L-1 of Ca2+ in the spray solution. In the same study, authors reported 
that glyphosate absorption increased by 24% with the addition of 0.5% w/v of AMS in 
the spray solution. Moreover, Hall et al. (2000) reported that AMS present in the spray 
solution bound with cations present on the leaf surface and increased glyphosate uptake 
in velvetleaf.  
5.4.5. Carrier Water Hardness and Ammonium Sulfate on Glufosinate Efficacy 
ANCOVA showed that the AMS and non-AMS treatments showed similar 
response with increased water hardness for reducing glufosinate efficacy on giant 
ragweed (Figure 5.13).  Carrier water hardness negatively influenced (P < 0.0001) 
glufosinate efficacy on giant ragweed control. The linear model showed that increase in 
water hardness by 1 mg L-1 reduced giant ragweed control with glufosinate by 0.019 and 
0.012% in the absence and presence of AMS, respectively. The interaction of water 
hardness and AMS treatment was non-significant (P = 0.137) for glufosinate efficacy on 





giant ragweed biomass reduction with glufosinate (P = 0.019). Increased carrier water 
hardness from 0 to 1000 mg L-1 decreased biomass reduction with the slopes of 0.016 and 
0.0039 in the absence and presence of AMS, respectively (Figure 5.13). Giant ragweed 
control with glufosinate was enhanced with the addition of AMS compared to without 
AMS. The mean separation between AMS treatments showed a difference in glufosinate 
efficacy for giant ragweed control and biomass reduction in the presence and absence of 
AMS (Table 5.3). Giant ragweed control and biomass reduction was at least 15 and 11%, 
respectively, when glufosinate was applied with AMS compared to without AMS.  
The interaction of carrier water hardness and AMS showed a significant effect (P 
= 0.0008) on glufosinate efficacy for Palmer amaranth control. Palmer amaranth control 
was influenced at different rates with glufosinate application in the presence or absence 
of AMS (Figure 5.14). The slope of predicted models in the presence or absence of AMS 
were -0.033 or -0.015, respectively, for Palmer amaranth control with glufosinate. The 
addition of AMS showed enhanced glufosinate activity on Palmer amaranth at lower 
water hardness level. Water hardness when increased from 0 to 1000 mg L-1 had linear 
reduction on Palmer amaranth control with glufosinate was at least 32 and 16% in the 
presence and absence of AMS, respectively. Similar result was observed on Palmer 
amaranth biomass reduction, where the slopes of predicted linear models were different 
(P = 0.048) for with AMS (-0.031) and without AMS (-0.0156) treatments (Figure 5.14). 
The increased water hardness level had a negative effect on glufosinate efficacy for 
Palmer amaranth biomass reduction. Use of AMS enhanced glufosinate efficacy for 





amaranth control was at least 14% greater with AMS compared to without AMS for 
glufosinate application (Table 5.3). Palmer amaranth biomass reduction when glufosinate 
was applied with AMS was 74% compared to 62% without AMS.  
The result from current study for giant ragweed and Palmer amaranth control with 
glufosinate as affected by carrier water hardness and AMS coincides with the result from 
previous studies by Pratt et al. (2003) and Zollinger et al. (2010). Glufosinate efficacy 
was reduced at least 15% with hard water at 1000 mg L-1 compared to 0 mg L-1 when 
applied on weed species such as foxtail millet (Setaria italica (L.) Beauv.), red amaranth 
(Amaranthus Cruentus L.) and velvetleaf as reported by Zollinger et al. (2010). Carrier 
water hardness at 500 mg L-1 reduced glufosinate efficacy at least 14% compared to DI 
water for velvetleaf control (Pratt et al 2003). The result from the current study 
corresponds with the previous studies which reported that use of AMS enhanced 
glufosinate efficacy in the presence of hard water cations (Zollinger et al. 2010; Pratt et 
al. 2003). Moreover, the addition of AMS increased glufosinate absorption and resulted 
into greater efficacy on barnyardgrass (Echinochloa crus-galli (L.) Beauv.), giant foxtail 
(Setaria faberi Herrm.), green foxtail (Setaria viridis (L.) Beauv.), sicklepod (Senna 
obtusifolia (L.) H.S. Irwin & Barneby), and velvetleaf as reported by Maschoff et al. 
(2000); Pline et al. (1999). The increased herbicide activity with AMS was also attributed 
to the improved herbicidal movement through leaf cuticle because of the ammonium ion 
present in AMS (Wanamarta et al. 1989). 
Weed species showed differential response for glufosinate application with 





There was no interaction and main effect of carrier water hardness and AMS treatments 
observed on glufosinate efficacy for horseweed control and biomass reduction (Figure 
5.15). Variable response of weed species to applied herbicide as influenced by carrier 
water hardness were reported by previous researchers. Hard water antagonism on 
glufosinate for control of foxtail millet, red amaranth, and velvetleaf was reported by 
Zollinger et al. (2010). In contrast to this finding Soltani et al. (2011) reported no effect 
of carrier water hardness on glufosinate efficacy for barnyardgrass, common 
lambsquarters, green foxtail, redroot pigweed, and velvetleaf control. Likewise, common 
lambsquarters control with 2,4-D was affected with hard water; while, horseweed control 
remained unaffected with the similar treatment (Roskamp et al. 2013). Weed species 
responded differently to the addition of adjuvants used for enhancing herbicide efficacy 
against hard water cations as reported by Nalewaja and Matysiak (1992b). Differential 
response of weed species was reported with glufosinate application in the presence of 
AMS (Maschhoff et al. 2000; Pine et al. 1999). Maschhoff et al. (2000) reported that 
addition of AMS at 20 g L-1 for glufosinate application resulted into greater control of 
barnyardgrass, giant foxtail, and velvetleaf; while, redroot pigweed and common 
lambsquarters control remained unaffected. Furthermore, authors reported that 14C-
glufosinate absorption was greater on velvetleaf and giant foxtail and lowest on common 





5.4.6. Carrier Water Hardness and Ammonium Sulfate on Mesotrione Efficacy 
The ANCOVA showed a non-significant interaction (P = 0.69) between AMS and 
water hardness treatments on mesotrione efficacy for giant ragweed control, illustrating 
that slopes of the predicted models are similar in the presence and absence of AMS 
(Figure 5.16). The effect of carrier water hardness was significant (P < 0.0001) which 
indicated that increased water hardness decreased mesotrione efficacy in a linear trend for 
giant ragweed control. The slope of the linear model without or with AMS treatments 
was -0.028. The increase in water hardness level from 0 to 1000 mg L-1 reduced giant 
ragweed control with mesotrione at least 27 and 28% in the absence and presence of 
AMS, respectively. There was no interaction effect of carrier water hardness and AMS 
for giant ragweed biomass reduction (Figure 5.16). However, increase in water hardness 
level negatively influenced mesotrione efficacy for giant ragweed biomass reduction with 
the slope of -0.0099 and -0.0084 without and with AMS, respectively. Data pooled across 
water hardness showed that mesotrione efficacy was enhanced with the addition of AMS 
(Table 5.3). Giant ragweed control was at least 9% greater with AMS compared to 
without AMS. The AMS effect was not observed on mesotrione efficacy for giant 
ragweed biomass reduction. 
The interaction of water hardness and AMS was not significant for mesotrione 
efficacy on horseweed, illustrating that the addition of AMS did not enhance the rate of 
mesotrione efficacy on horseweed control compared to without AMS. Horseweed control 
was reduced with increased water hardness and the predicted model slopes were -0.017 





control was reduced at least 17 and 13% when water hardness increased from 0 to 1000 
mg L-1 in the absence and presence of AMS, respectively. There was no interaction of 
water hardness and AMS on horseweed biomass reduction with mesotrione application 
(Figure 5.17). Data pooled over water hardness levels showed that there was no effect of 
AMS treatments on mesotrione efficacy for horseweed control and biomass reduction 
(Table 5.3). 
Palmer amaranth control with mesotrione was not affected by the interaction of 
water hardness and AMS treatments. Increasing water hardness resulted in lesser control 
of Palmer amaranth with mesotrione. The slopes of predicted models for Palmer 
amaranth control with increased water hardness were -0.022 and -0.0167 with and 
without AMS, respectively (Figure 5.18). With increased water hardness from 0 to 1000 
mg L-1, Palmer amaranth control was reduced at least 18 and 26% with mesotrione in the 
absence and presence of AMS, respectively. Similarly, Palmer amaranth biomass 
reduction without and with AMS was at least 13 and 14% with the predicted model slope 
of -0.015 and -0.0167, respectively, as water hardness increased from 0 to 1000 mg L-1 
(Figure 5.18). The mean separation between AMS treatments showed that Palmer 
amaranth control with mesotrione was at least 16% greater with AMS compared to 
without AMS (Table 5.3). Likewise, the difference in Palmer amaranth biomass reduction 
was at least 13% with addition of AMS compared to without AMS for mesotrione 
application. 
This study suggested that increased carrier water hardness reduced mesotrione 





However, the addition of AMS enhanced weed control with mesotrione. Previous 
research studies have reported similar results with tembotrione, a herbicide in the same 
family as mesotrione. The presence of hard water cations antagonized efficacy of 
tembotrione (Zollinger et al. 2010). Moreover, tembotrione efficacy was reduced at least 
20 and 27% with the presence of water hardness at 500 and 1000 mg L-1 for control of 
giant ragweed, quinoa (Chenopodium quinoa Willd.), tame buckwheat (Fagopyrum 
esculentum Moench), and velvetleaf. In the same study, the use of AMS overcame the 
hard water antagonism on tembotrione efficacy. In addition, the AMS was needed at 17 
lb/gal (equivalent to 5% v/v) for complete overcoming of tembotrione antagonism from 
water hardness at 1000 mg L-1 (Zollinger et al. 2010). The increased herbicide activity 
with AMS has also been attributed to the improved herbicidal movement through the leaf 
cuticle and greater absorption because of the ammonium ion present in AMS (Wanamarta 
et al. 1989; Kent et al. 1991).  
Overall, the current research demonstrated that carrier water hardness and water 
conditioning adjuvant is a critical consideration for an optimum efficacy from low 
volatility dicamba and its premixed with glyphosate; 2,4-D choline and its premixed with 
glyphosate; glufosinate; and mesotrione application. Hard water consisting of Ca2+ and 
Mg2+ cations have antagonistic effect on newer formulation of dicamba, 2,4-D, and their 
premixed formulation with glyphosate; glufosinate; and mesotrione efficacy. However, 
differential response of weed species was observed in some herbicides. In general, 
increase in the concentration of hard water cations (total hardness >200 mg L-1) has a 





choline, premixed 2,4-D choline plus glyphosate, glufosinate, and mesotrione in a linear 
trend for giant ragweed, horseweed, and Palmer amaranth control. Therefore, hard water 
should be avoided or amended with appropriate water conditioning adjuvants. Giant 
ragweed, horseweed, and Palmer amaranth control with newer formulation of dicamba 
and its premixed formulation with glyphosate was increased with the addition of DPP at 
2% v/v of total spray solution. Likewise, 2,4-D choline; 2,4-D choline plus glyphosate; 
glufosinate; and mesotrione activity was improved with addition of AMS at 2.5% v/v of 
the total spray solution. However, DPP or AMS at the rates used in this study is unlikely 
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Figure 5.1 Giant ragweed control and biomass reduction at 3 wk after dicamba (at 0.28 kg ae ha-1) application as a function of 
water hardness and potassium phosphate dibasic (PPD). Predicted models for control with PPD is y = - 0.02x + 71.77, and without 
PPD is y = - 0.016x + 58.02, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass 
reduction with PPD is y = - 0.00021x + 60.47 and without PPD is y = -0.0036 x + 60.92, where y = biomass reduction (%) and x = 
water hardness (mg L-1). 
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Figure 5.2 Horseweed control and biomass reduction at 3 wk after dicamba (at 0.28 kg ae ha-1) application as a function of water 
hardness and potassium phosphate dibasic (PPD). Predicted models for control with PPD is y = - 0.017x + 79.33, and without PPD 
is y = - 0.022x + 70.3, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass reduction 
with PPD is y = - 0.0021x + 39.97 and without PPD is y = 0.00026x + 29.38, where y = biomass reduction (%) and x = water 
hardness (mg L-1).  
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Figure 5.3 Palmer amaranth control and biomass reduction at 3 wk after dicamba (at 0.28 kg ae ha-1) application as a function of 
water hardness and potassium phosphate dibasic (PPD). Predicted models for control with PPD is y = - 0.017x + 89.43, and 
without PPD is y = - 0.02x + 75.26, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for 
biomass reduction with PPD is y = - 0.01x + 81.42 and without PPD is y = - 0.0045 x + 66.32, where y = biomass reduction (%) 
and x = water hardness (mg L-1). 
 
Water hardness (mg L-1) 
































Water hardness (mg L-1) 
0   200      400         600          800         1000  
   With PPD 
   Without PPD  
   With PPD 




            
  
 







Figure 5.4 Giant ragweed control and biomass reduction at 3 wk after dicamba plus glyphosate (at 0.209 plus 0.422 kg ae ha-1, 
respectively) application as a function of water hardness and potassium phosphate dibasic (PPD). Predicted models for control 
with PPD is y = - 0.0015x + 70.31, and without PPD is y = - 0.0097x + 53.61, where y = control (%) and x = water hardness (mg 
L-1). Likewise, predicted model for biomass reduction with PPD is y = -0.008x + 53.87 and without PPD is y = -0.0054 x + 44.26, 
where y = biomass reduction (%) and x = water hardness (mg L-1). 
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Figure 5.5 Horseweed control and biomass reduction at 3 wk after dicamba plus glyphosate (at 0.209 plus 0.422 kg ae ha-1, 
respectively) application as a function of water hardness and potassium phosphate dibasic (PPD). Predicted models for control 
with PPD is y = - 0.011x + 55.38, and without PPD is y = - 0.01x + 46.71, where y = control (%) and x = water hardness (mg L-1). 
Likewise, predicted model for biomass reduction with PPD is y = - 0.0031x + 48.14 and without PPD is y = 0.0029x + 44.21, 
where y = biomass reduction (%) and x = water hardness (mg L-1).  
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Figure 5.6 Palmer amaranth control and biomass reduction at 3 wk after dicamba plus glyphosate (at 0.209 plus 0.422 kg ae ha-1, 
respectively) application as a function of water hardness and potassium phosphate dibasic (PPD). Predicted models for control 
with PPD is y = - 0.018x + 85.62, and without PPD is y = - 0.028x + 75.57, where y = control (%) and x = water hardness (mg L-
1). Likewise, predicted model for biomass reduction with PPD is y = - 0.01x + 79.72 and without PPD is y = -0.012 x + 70.81, 
where y = biomass reduction (%) and x = water hardness (mg L-1). 
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Figure 5.7 Giant ragweed control and biomass reduction at 3 wk after 2,4-D choline (at 0.28 kg ae ha-1) application as a function of 
water hardness and ammonium sulfate (AMS). Predicted models for control with AMS is y = - 0.024x + 88.07, and without AMS 
is y = - 0.054x + 79.94, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass reduction 
with AMS is y = - 0.0073x + 66.9, and without AMS is y = - 0.0134x + 61.24, where y = biomass reduction (%) and x = water 
hardness (mg L-1). 
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Figure 5.8 Horseweed control and biomass reduction at 3 wk after 2,4-D choline (at 0.28 kg ae ha-1) application as a function of 
water hardness and ammonium sulfate (AMS). Predicted models for control with AMS is y = - 0.019x + 49.8, and without AMS is 
y = - 0.02x + 30.2, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass reduction with 
AMS is y = - 0.00364x + 43.28, and without AMS is y = - 0.00959x + 37.56, where y = biomass reduction (%) and x = water 
hardness (mg L-1). 
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Figure 5.9 Palmer amaranth control and biomass reduction at 3 wk after 2,4-D choline (at 0.28 kg ae ha-1) application as a function 
of water hardness and ammonium sulfate (AMS). Predicted models for control with AMS is y = - 0.024x + 70.34, and without 
AMS is y = - 0.028x + 55.54, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass 
reduction with AMS is y = - 0.016x + 72.26, and without AMS is y = - 0.039x + 67.25, where y = biomass reduction (%) and x = 
water hardness (mg L-1).  
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Figure 5.10 Giant ragweed control and biomass reduction at 3 wk after 2,4-D choline plus glyphosate (at 0.266 plus 0.283 kg ae 
ha-1, respectively) application as a function of water hardness and ammonium sulfate (AMS). Predicted models for control with 
AMS is y = - 0.011x + 92.29, and without AMS is y = - 0.021x + 87.14, where y = control (%) and x = water hardness (mg L-1). 
Likewise, predicted model for biomass reduction with AMS is y = 0.0041x + 52.5, and without AMS is y = - 0.00024x + 49.5, 
where y = biomass reduction (%) and x = water hardness (mg L-1).  
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Figure 5.11 Horseweed control and biomass reduction at 3 wk after 2,4-D choline plus glyphosate (at 0.266 plus 0.283 kg ae ha-1, 
respectively) application as a function of water hardness and ammonium sulfate (AMS). Predicted models for control with AMS is 
y = - 0.021x + 72.02, and without AMS is y = - 0.011x + 54.01, where y = control (%) and x = water hardness (mg L-1). Likewise, 
predicted model for biomass reduction with AMS is y = - 0.0054x + 45.7, and without AMS is y = - 0.00047x + 38.7, where y = 
biomass reduction (%) and x = water hardness (mg L-1).  
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Figure 5.12 Palmer amaranth control and biomass reduction at 3 wk after 2,4-D choline plus glyphosate (at 0.266 plus 0.283 kg ae 
ha-1, respectively) application as a function of water hardness and ammonium sulfate (AMS). Predicted models for control with 
AMS is y = - 0.027x + 96.27, and without AMS is y = - 0.027x + 82.14, where y = control (%) and x = water hardness (mg L-1). 
Likewise, predicted model for biomass reduction with AMS is y = - 0.023x + 76.8, and without AMS is y = - 0.029x + 72, where y 
= biomass reduction (%) and x = water hardness (mg L-1).  
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Figure 5.13 Giant ragweed control and biomass reduction at 3 wk after glufosinate (at 298 g ai ha-1) application as a function of 
water hardness and ammonium sulfate (AMS). Predicted models for control with AMS is y = - 0.012x + 71.01, and without AMS 
is y = - 0.019x + 59.18, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass reduction 
with AMS is y = - 0.0039x + 59.48 and without AMS is y = - 0.016x + 54.8, where y = biomass reduction (%) and x = water 
hardness (mg L-1).   
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Figure 5.14 Palmer amaranth control and biomass reduction at 3 wk after glufosinate (at 298 g ai ha-1) application as a function of 
water hardness and ammonium sulfate (AMS). Predicted models for control with y = - 0.033x + 88.72, and without AMS is y = - 
0.015x + 66.07, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass reduction with 
AMS is y = - 0.031x + 89.61 and without AMS is y = - 0.0156x + 69.68, where y = biomass reduction (%) and x = water hardness 
(mg L-1).  
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Figure 5.15 Horseweed control and biomass reduction at 3 wk after glufosinate (at 298 g ai ha-1) application as a function of water 
hardness and ammonium sulfate (AMS). Predicted models for control with AMS is y = - 0.0024x + 44.7, and without AMS is y = - 
0.00073x + 42.4, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass reduction with 
AMS is y = - 0.00052x + 48.95 and without AMS is y = - 0.0049x + 49.76, where y = biomass reduction (%) and x = water 
hardness (mg L-1). 
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Figure 5.16 Giant ragweed control and biomass reduction at 3 wk after mesotrione (at 105 g ai ha-1) application as a function of 
water hardness and ammonium sulfate (AMS). Predicted models for control with AMS is y = - 0.028x + 74.11, and without AMS 
is y = - 0.028x + 64.63, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass reduction 
with AMS is y = - 0.0084x + 62.78 and without AMS is y = - 0.0099x + 61.34, where y = biomass reduction (%) and x = water 
hardness (mg L-1). 
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Figure 5.17 Horseweed control and biomass reduction at 3 wk after mesotrione (at 105 g ai ha-1) application as a function of water 
hardness and ammonium sulfate (AMS). Predicted models for control with AMS is y = - 0.012x + 34.58, and without AMS is y = - 
0.017x + 33.46, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass reduction with 
AMS is y = - 0.0071x + 33.45 and without AMS is y = - 0.0068x + 29.66, where y = biomass reduction (%) and x = water 
hardness (mg L-1). 
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Figure 5.18 Palmer amaranth control and biomass reduction at 3 wk after mesotrione (at 105 g ai ha-1) application as a function of 
water hardness and ammonium sulfate (AMS). Predicted models for control with AMS is y = - 0.0167x + 85.42 and without AMS 
is y = - 0.022x + 75.29, where y = control (%) and x = water hardness (mg L-1). Likewise, predicted model for biomass reduction 
with AMS is y = - 0.0167x + 85.43 and without AMS is y = - 0.015x + 71.73, where y = biomass reduction (%) and x = water 
hardness (mg L-1). 
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Table 5.1 Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth at 3 wk after dicamba, and 
premixed dicamba plus glyphosate application as affected by potassium phosphate dibasic (PPD).a 
Herbicideb PPDc 
Giant ragweed  Horseweed  Palmer amaranth 
Controld 
Biomass 
reduction  Control 
Biomass 
reduction  Control 
Biomass 
reduction 
 % v/v ──────────────────────────%───────────────────────── 
Dicamba 0 50 b 59 a  59 b 29 b  65 b 68 b 
 2 62 a 61 a  71 a 39 a  81 a 76 a 
          
Dicamba plus 
glyphosate 
0 49 b 41 b  41 b 42 a  62 b 64 b 
2 63 a 50 a  50 a 47 a  76 a 74 a 
a Data were combined over experimental runs and water hardness treatments. 
b Dicamba was applied at 0.280 kg ae ha-1, and premixed dicamba plus glyphosate was applied at 0.209 plus 0.422 kg ae ha-1, 
respectively. 
c PPD was applied at 0 or 2% v/v of total spray solution. 












Table 5.2 Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth at 3 wk after 2,4-D choline, 
and premixed 2,4-D choline plus glyphosate application as affected by ammonium sulfate (AMS).a 
Herbicideb AMSc 
Giant ragweed  Horseweed  Palmer amaranth 
Controld 
Biomass 
reduction  Control 
Biomass 
reduction  Control 
Biomass 
reduction 
 % v/v ─────────────────────────%───────────────────────── 
2,4-D choline 0 53 b 54 b  20 b 33 b  41 b 47 b 
 2.5 76 a 63 a  40 a 41 a  58 a 65 a 
          
2,4-D choline 
plus glyphosate 
0 76 b 49 a  48 b 38 a  69 b 56 b 
2.5 86 a 55 a  61 a 43 a  83 a 65 a 
a Data were combined over experimental runs and water hardness treatments. 
b 2,4-D was applied as choline salt formulation at 0.280 kg ae ha-1, and premixed 2,4-D plus glyphosate (choline and 
dimethylammonium salt, respectively) was applied at 0.266 plus 0.283 kg ae ha-1, respectively. 
c AMS was applied at 0 or 2.5% v/v of total spray solution. 












Table 5.3 Percent control and biomass reduction of giant ragweed, horseweed, and Palmer amaranth at 3 wk after glufosinate and 
mesotrione application as affected by ammonium sulfate (AMS).a 
Herbicideb AMSc 
Giant ragweed  Horseweed  Palmer amaranth 
Controld 
Biomass 
reduction  Control 
Biomass 
reduction  Control 
Biomass 
reduction 
 % v/v ──────────────────────────%──────────────────────── 
Glufosinate 0 50 b 46 b  42 a 47 a  58 b 62 b 
 2.5 65 a 57 a  44 a 49 a  72 a 74 a 
          
Mesotrione 0 51 b 56 a  25 a 26 a  56 b 64 b 
 2.5 60 a 59 a  29 a 30 a  72 a 77 a 
a Data were combined over experimental runs and water hardness treatments. 
b Glufosinate was applied at 298 g ai ha-1, and mesotrione was applied at 105 g ai ha-1, respectively. 
c AMS was applied at 0 or 2.5% v/v of total spray solution. 






























Table A.1 Minimum (Min.) and maximum (Max.) air temperature, and water temperature in white and black poly-tank on a 
particular day in spring, summer, and fall of 2013.a  
 Air Temperature  Black poly-tank  White poly-tank 
Season (Date) Min. Max.  Min. Max.  Min. Max. 
 ───────────────────────────C─────────────────────────── 
Spring (4/17/13) 3 19  5 16  4 15 
Summer (7/18/13) 22 35  31 38  29 35 
Fall (10/17/13) 5 13  10 14  10 14 
a Temperature was recorded from 100 gallon poly-tanks at TPAC, IN. WatchDog Pro, a weather recording device was used to 










Table A.2 Droplet count, spray deposition area, and percent coverage with 2,4-D choline and premixed dicamba plus glyphosate, 
as affected by spray solution temperature.a  
Spray solution 
temperature 













C # card-1 mm-2 %  # card-1 mm-2 % 
5 1458 a 1141 b 29 b  1386 a 1151 a 30 a 
22 1391 ab 1372 a 35 a  1395 a 1327 a 34 a 
39 1455 a 1169 b 30 b  1389 a 1223 a 32 a 
56 1339 b 1277 ab 33 ab  1387 a 1237 a 32 a 
a 2,4-D choline was applied at 0.56 kg ae ha-1; and premixed dicamba plus glyphosate was applied at 0.209 plus 0.422 kg ae ha-1, 
respectively. Data were pooled over experiment runs. 
b The total size of water sensitive card was 38.71 cm2.                      











Table A.3 Droplet count, spray deposition area, and percent coverage with mesotrione and glufosinate as affected by spray 
solution temperature.a  
Spray solution 
temperature 













C # card-1 mm-2 %  # card-1 mm-2 % 
5 1451 a 1147 b 30 b  1462 a 1063 b 27 b 
22 1333 a 1398 a 36 a  1351 b 1334 a 34 a 
39 1376 a 1258 ab 32 ab  1342 bc 1273 ab 33 ab 
56 1445 a 1261 ab 33 ab  1245 c 1486 a 38 a 
a Glufosinate was applied at 338 g ai ha-1; and mesotrione was applied 79 g ai ha-1, respectively. Data were pooled over experiment 
runs. 
b The total size of water sensitive card was 38.71 cm2.                      














Table A.4 Final pH of the spray solution after mixing foliar fertilizer, water conditioning adjuvants, and herbicide at initial carrier 













plus glyphosate Glufosinate Mesotrione 
4 DI No 4.46 4.26 4.42 4.40 4.30 
4 DI Yes 5.93 4.24 4.37 4.28 4.20 
4 Zn No 4.85 4.81 4.87 4.81 4.78 
4 Zn Yes 6.27 4.72 4.80 4.73 4.73 
4 Mn No 4.57 4.46 4.61 4.53 4.51 
4 Mn Yes 6.03 4.42 4.53 4.50 4.43 
6.5 DI No 6.62 6.87 6.82 6.97 6.95 
6.5 DI Yes 7.31 6.79 6.65 6.81 6.81 
6.5 Zn No 7.01 7.20 7.05 7.21 7.15 
6.5 Zn Yes 7.47 7.13 6.92 7.10 7.07 
6.5 Mn No 6.67 6.95 6.82 7.03 6.96 
6.5 Mn Yes 7.40 6.75 6.68 6.85 6.82 
9 DI No 8.82 9.05 8.96 8.99 8.93 
9 DI Yes 9.25 8.94 8.88 8.97 8.97 
9 Zn No 9.02 9.15 9.04 9.08 9.11 
9 Zn Yes 9.26 8.96 8.92 8.97 8.97 
9 Mn No 9.12 9.42 9.27 9.31 9.41 
9 Mn Yes 9.35 9.05 8.95 9.03 9.09 
a pH of the spray solution treatment was recorded with a Mettler Toledo pH meter.  
b Deionized water (pH = 6.7) was adjuster to pH 4, 6.5, and 9 using pH buffer salts.                       
c Levels for foliar fertilizer consisted of deionized water (DI), zinc (Zn), or manganese (Mn).    
d Levels for water conditioning adjuvant comprised of without (No) or With (Yes). For premixed dicamba plus glyphosate 
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